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ABSTRACT 
Effects of Host Plant Patch Size and Surrounding 
Plant Type on Insect Population Dynamics 
by 
Lynn A. Maguire, Doctor of Philosophy 
Utah State University, 1980 
Major Professors: George Innis and John A. Kadlec 
Department: Wildlife Science 
xi 
The purpose of the present study was to investigate how plant 
spatial patterns and insect behavior interact to influence the popu­
lation dynamics of insects using the plants. The study included 
three phases: l) field experiments using collards (Brassica 
oleracea) and the crucifer insect fauna; 2) simulation models repre­
senting the population dynamics of an insect herbivore as functions 
of insect dispersal behavior and host plant patch size; and 3) model-field 
syntheses integrating model predictions and field variability esti-
mates to choose an appropriate spatial scale for future field 
experiments or applications. 
In field experiments on surrounding plant type, collards were 
planted with l) other collards; 2) collards treated with a 
systemic insecticide; 3) broccoli, a related host; and 4) tomatoes, 
an unrelated host whose odor may repel crucifer pests. In three such 
experiments, eggs and larvae of the imported cabbageworm (Pieris 
rapae (L.)) were most abundant an collards surrounded by tomatoes. 
These results were contrary to those from previous experiments 
xii 
with other crucifer pests, but can perhaps be explained by f. rapae's 
preference for ovipositing on isolated host plants. In three 
patch size experiments, f. rapae eggs and larvae were more abundant 
on collards in small patches; in one of these experiments, the 
diamondback moth (Plutella xylostella (Linn.)) was more abundant 
in large patches. The results for P. rapae were consistent with 
previous studies showing more ovipositian on plants in smaller 
patches and on plants at the edge of a patch. 
The simulation models predicted mean level and variability of 
an insect herbivore population based on interactions between insect 
behavior and host plant patch size. Features of insect behavior 
modeled were: l) an inverse relationship between distance and dis­
persal; 2) preferences for host vs. nonhost plants, which differ for 
generalist and for specialist herbivores; and 3) preference of 
specialists for larger areas of host plants. Aspects of plant pattern 
studied were size and number of host plant patches in a background of 
nonhost vegetation. Constant, exponential and logistic growth of 
insect populations in the nonhost background and in the host patches 
were used. 
The models were designed to provide a theoretical framework for 
studying interactions between insect behavior and plant pattern, not 
to duplicate the dynamics of the field system. However, for the 
xiii 
model-field syntheses, parameters of one model were fit to field 
data to establish a correspondence between expected differences in 
population levels predicted by the model and variability estimates 
obtained in the field experiments. The fitted model was used to 
construct a graph of differences in population levels versus patch 
size. Field variability estimates were used to calculate the least 
difference in population levels, for a given number of replicates and 
subsamples, that could be detected in field experiments. The least 
difference was compared with the differences predicted by the fitted 
model to determine what patch sizes will produce significant effects 
of patch size on insect populations. This method was used to assess 
feasibility of future field experiments and to select appropriate 
patch sizes. The method can also be used to evaluate crop field 
size in agroecosystems as a component of pest management. 
(211 pages) 
CHAPTER I 
INTRODUCTION 
The assertion that spatially heterogeneous ecosystems are more 
stable than homogeneous systems has become a dogma of modern ecology 
(van Emden and Williams 1974). Since spatial heterogeneity is one 
component of ecosystem diversity, the relationship between spatial 
heterogeneity and stability is part of the current controversy over 
diversity-stability relationships. Evidence for the assertion 
that spatially heterogeneous systems are more stable comes from 
several sources: 1) comparisons of natural and managed ecosystems; 
2) observations of pest populations in agricultural crops; 3) mathe-
matical models; 4) comparisons of natural ecosystems and ecosystem 
models; and 5) field exp2riments. 1) Natural ecosystems exhibit 
less obvious instabilities than artificial, managed systems and are 
usually more complex, both spatially and temporaliy, than managed 
systems (Murdoch 1975, Way 1977). 2) Pest population outbreaks in 
crop monocultures often have been cited as evidence of instability 
in these agroecosystems (van Emden and Williams 1974, Murdoch 1975, 
Gibson and Jones 1977, U.S. Department of Agriculture 1973). 
3) In a variety of mathematical models, increasing spatial hetero-
geneity in the environment, or in host or prey populations, usually 
increased the stability of predator-prey or host-parasite systems 
(e.g., Murdoch 1975, May 1974). Anderson (1971) modeled the economics 
and ecology of sheep farming and concluded that spatial diversifi-
cation increased stability. 4) Smith (1972) noted that ecosystem 
models are usually less stable than natural ecosystems and suggested 
that spatial heterogeneity in the real system that was not included 
in the model could account for this difference. 5) Pimentel 
(1961a) planted collards in simple and spatially diverse areas and 
observed outbreak levels of pest populations in the simple habitats. 
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Determining whether or not spatially heterogeneous ecosystems 
are more stable than monocultures, and why, is important in both 
theoretical and applied contexts . Understanding the role of spatial 
heterogeneity in natural ecosystems would both increase our knowledge 
of the structure and function of undisturbed ecosystems and clarify 
the consequences of simplifying natural ecosystem s through human 
activities . Understanding how spatial heterogeneity influences 
ecosystem stability would make it possible to manipulate land use 
patterns to promote desirable ecological effect s . One application 
would be manipulating field crop patterns as a comRonent of inte-
grated pest management in agriculture . 
When examined in detail, the evidence for greater stability in 
heterogeneous systems is contradictory (Murdoch 1975, van Emden and 
Williams 1974). On the one hand, many cases have been cited where 
agricultural or silvicultural practices have replaced a natural 
ecosystem with a less diverse system. Subsequent pest outbreaks 
are thought to indicate a decline in stability (Uvarov 1964, Clark 
et al. 1967, van Emden and Williams 1974). For example, outbreaks 
of pests on coffee in Uganda and on cotton in Peru followed the 
removal of shrubs and other vegetation that provided hosts and 
shelter for natural enemies (van Emden and Williams 1974). There 
are also examples of increases in diversity restoring stability 
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to agricultural systems . Van Emden and Williams (1974) described 
improved natural control of cotton pests when diversity was restored 
in the Canete Valley, Peru. De Loach (1971) cited several similar 
cases. On the other hand, there are reports of increased hetero-
geneity aggravating pest problems (Annand 1940, York 1951). For 
example, diversification of agriculture in Arkansas was followed by 
an increase in pest problems on several leguminous crops (Isely 1942). 
Van Emden and Williams (1974) cited several cases in which decreasing 
diversity by destroying weeds was recommended as a pest control 
measure intended to increase stability. 
The effect of changing spatial heterogeneity depends on specific 
features of pl ant pattern and insect behavior (viay 1977). For 
example, strip-cropping of alfalfa with cotton reduces populations of 
some cotton pests by providing alternate rrey and alternate habitat 
for natural enemies (van Emden and Williams 1974). At the same time, 
strip-cropping increases populations of other pests, such as grass-
hoppers, that prefer to oviposit on the edges of crop fields 
(York 1951). The effect of spatial heterogeneity also depends 
critically on the scale of the plant pattern relative to the mobility 
of animal populations (Murdoch 1975). To understand how spatial 
heterogeneity influences animal populations in natural ecosystems 
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and to use spatia l heterogeneity to reduce pest problems in managed 
systems, a framework is needed for relating specific animal behaviors 
and plant patterns and for determining the spatial scale at which 
particular effects occur. 
For the purposes of this study, spatial heterogeneity of an 
ecosystem means the spatial pattern of herbaceous plants. Systems 
with many small vegetation patches are more heterogeneous than those 
with few large patches. Systems with greater diversity within 
patches are more heterogeneous than those with patches composed of 
a few species . Herbaceous plants form conspicuous patterns in most 
ecosystems and, particularly for cultivated varities, can be arranged 
in any pattern for short-term field experiments. 
The ecosystem components expected to respond most strongly 
to plant spatial patterns are herbivorous insects and their associated 
parasites and predators. There is ample evidence in the literature 
that plants and herbivorous insects are closely connected via 
chemical, and other, plant defense strategies and v~a insect adaptations 
to overcome these defenses (Atsatt and O'Dowd 1976, Root 1973, 
Whittaker and Feeny 1971). Because insects are relatively small, 
mobile, abundant and short-lived, their responses to manipulated 
vegetation patterns can be measured in short-term experiments. 
In the present study, responses to spatial heterogeneity were 
measured by mean levels and stability of insect populations on 
herbaceous plants. As Murdoch (1975) has pointed out, the relationships 
among pest population levels and various measures of stability are 
unclear, although intuitively, outbreak levels of pests indicate 
instability. In order to meet the need in the present study for a 
stability measure that could be applied to both models and field 
experiments, population stability was defined in terms of the 
variability of insect population levels. Populations with higher 
variability, as expressed by coefficient of variation or variance, 
were considered less stable than those with lower variability. 
This definition both satisfied the intuition that populations with 
wide fluctuations are unstable and also could be applied to field 
observations made in short-term experiments. 
The purpose of the study was to investigate how herbaceous 
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plant patterns and insect behavior interact to influence insect 
population levels and variability. Three phases were included, each 
with its own objectives. 1) Field experiments were conducted to 
determine if insect population responses to selected aspects of plant 
pattern could be detected in short-term, small-scale experiments. 
A secondary purpose of the field experiments was to estimate the 
variability associated with different elements of the experimental 
design. 2) A series of mathematical rrodels was developed to provide a 
theoretical framework for determining how plant pattern and insect 
behavior interact. Another purpose of the models was to predict 
differences in insect population levels and variability for different 
plant spatial patterns. 3) The purpose of the model-field portion of 
the study was to develop a method for combining differences predicted 
by the models with variability estimates from field experiments to 
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select an appropriate spatial scale for subsequent field experiments 
or management applications. Experiments or applications that cannot 
be implemented on a feasible scale (i.e., either small enough for 
field experiments, or large enough for conmercial applications) can 
be rejected. 
In the field experiments, plant patterns were constructed using 
a main host plant, collards; other related and unrelated hosts; 
and weeds. The features of plant pattern studied were: 1) the types 
of plants surrounding the main host plant, and 2) host plant patch 
size. Insects were counted on the above-ground parts of the experimen-
tal plants; most of these were from the insect fauna of crucifers, 
including specialist and generali s t herbivores and their natural enemies. 
The pattern of collards and of some related and unrelated hosts was 
closely controlled in the experiments. The insect populations and 
weedy vegetation in the experimental area were not manipulated. 
They were influenced by weather and by seasonal and annual phenology, 
as well as by the experimental patterns. 
The models represented effects of the si ze, number, and distri-
bution of host plant patches on populations of one insect herbivore 
over a single growing season. Insect behaviors interacting with plant 
pattern included: 1) host preference; 2) migration rates; and 
3) population growth rates. Two means of representing spatial pat-
tern were used: 1) a grid of cells and 2) a collection of habitat 
patches. The former models were studied using both simulation and 
matrix analysis, the latter by simulation. 
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The model-field portion of the study developed a method for 
choosing the spatial scale for experiments or applications of plant 
pattern. Parameters for one of the models were fit by nonlinear 
estimation to field data. The fitted model was used to predict 
expected differences in population levels and variability for different 
patch sizes. The expected differences were combined with variability 
estimates from the field in sample-size equations to determine if 
the differences could be detected in the presence of field variation. 
The structure of the study is as follows: l) The field experi-
ments supply information about how plant pattern affects insect popu-
lations in a particular ecosystem. 2) The models provide a general 
framework for investigating how plant patterns and insect behavior 
interact to influence insect populations. 3) The model-field section 
presents a method for integrating the first two phases to determine, 
for a particular combination of plant patterns and insect behavior 
and for a particular level of field variability, the appropriate 
spatial scale for field experiments or for applications to agriculture 
or forestry . 
CHAPTER II
FIELD EXPERIMENTS 
Introduction and Literature Review 
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The main objective of the field experiments was to see if insect 
population responses to selected aspects of plant spatial pattern 
could be detected in experiments of short duration (less than one 
growing season) and modest scale (a few acres or less). A second 
objective was to estimate average population levels and variability 
of population levels for selected insect taxa. Lesser objectives 
were to record the composition and phenology of the insect fauna of 
collards in northern Utah and to observe host-parasitoid relationships 
among these insects. 
The collard ecosystem 
There were several reasons for choosing a cultivated crucifer 
as the major host plant for the field experiments. Since cultivated 
crucifers are economically important, more is known about the natural 
history, physiology and behavior of their insect fauna than about the 
fauna of most wild plants. The mustard oil compounds in crucifers 
restrict the number of insect species using crucifers, simplifying 
identification. The toxicity of mustard oils divides herbivorous 
insects using crucifers into two groups: 1) specialists, which are 
attracted by mustard oils and specially adapted to detoxify them, and 
9 
2) generalists, which use a variety of host plants including crucifers. 
Blau et al. (1978) studied effects of allylglucosinolate, a mustard 
oil compound, on the larval growth of a crucifer specialist and a 
generalist. Growth of the specialist (Pieris rapae (L.)) was not 
affected even by high concentrations of allylglucosinolate, whereas 
growth of the generalist (Spodoptera eridiania (Cramer)) was inhibited 
by high concentrations of the compound. Specialists behave dif-
ferently from generalists both during initial colonization of host 
plants and in later population development, causing distinctive 
responses to plant pattern for each group. A final reason for using 
cultivated crucifers was that several previous studies of plant 
pattern using crucifers were available for comparison with the present 
study. 
Some reasons for choosing collards (Brassica oleracea var. 
acephala Decandolle) rather than one of the other species or varieties 
of cultivated crucif ers have been outlined by Root (1973). The open-
leaved growth form facilitated observation of insects on a collard 
plant. Since collards are biennial, but grown as annuals, changes 
in plant structure and food quality due to flowering and fruiting were 
avoided. Collards are very attractive to the common specialists on 
crucifers (Boling and Pitre 1971, Radcliffe and Chapman 1966). Unlike 
most cultivated crucifers, collards are not only frost-hardy but also 
tolerant of hot, dry weather. 
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The crucifer insect fauna 
Specialist herbivores 
The insect herbivores specializing on cultivated crucifers are 
widely distributed. Three lepidopteran species--the imported cabbage-
worm (f__. rapae), the diamondback moth (Plutella xylostella (Linn.)), 
and the cabbage looper (Trichoplusia _Qi_ (Hubner)) are important. 
f__. rapae and P. xylostella are highly specific to crucifers 
(Root 1973). I.- _Qi_ is a more general feeder (Sutherland 1965 lists 
119 host plants), but prefers crucifers (Martin et al. 1976). All 
three species are highly mobile. E._. rapae and I.-~ are strong 
fliers, commonly covering distances up to a mile (Parker 1970; Sharp 
et al. 1975). P. xvlostella is much smaller and a weaker flier 
(Harcourt 1963). The other specialist herbivores common to crucifers 
are the cabbage aphid (Brevicoryne brassicae (Linn.)) and a few 
species of flea beetles, chiefly Phyllotreta cruciferae (Goeze). 
Experiments on many of these species have shown that host plant 
location, o~iposition and feeding are stimulated by the mustard oil 
compounds of crucifers (Traynier 1979 and Hovanitz and Chang 1964, 
for P. rapae; Thorsteinson 1953, and Gupta and Thorsteinson 1960a, b 
for P. xylostella; Tahvanainen and Root 1972, and Feeny et al. 1970 
for flea beetles). 
Generalist herbivores 
The most common generalist herbivores on collards are the green 
peach aphid (Myzus persicae (Sulzer)) (Root 1973, Oatman and Platner 
1969), western flower thrips (Frankliniella occidentalis (Pergande)) 
(Oatman and Platner 1969), and in some seasons, grasshoppers. These 
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species feed on a wide range of host plants. Aphids and thrips are 
relatively sedentary, except for seasonal movements from overwintering 
sites (van Emden et al . 1969); grasshoppers are quite mobile. 
Predators and parasitoids 
Some of the common predators in the collard ecosystem, such as 
spiders and wasps, take a variety of prey. Others, such as ladybird 
beetle adults and larvae, specialize on aphids. The common hymenopteran 
parasitoids in the system tend to be highly host-specific. Diaretiella 
rapae (MacIntosh) parasitizes mainly~- brassicae, although it also 
attacks M. persicae feeding on crucifers (Read et al. 1970). Apanteles 
spp., most commonly Apanteles glomeratus (L.), parasitize .E_. rapae 
(Parker 1970). Diadegma insulare Cresson attacks .E_. xylostella 
(Harcourt 1960). Various Trichogramma spp. parasitize lepidopteran 
eggs (Oatman and Platner 1969, Parker 1970). Many of the predators 
and parasitoids in the collard ecosystem are attracted by cruciferous 
host plants as well as by their host insects (e.g., Chandler 1968 
for syrphid larvae, Read et al. 1970 for D. rapae, Sato 1979 for 
fl. glomeratus). 
Plant pattern studies using crucifers 
Studies of several aspects of plant pattern have been done using 
cultivated crucifers. Dempster (1969), Smith (1969), Pimentel 
(1961a), and Cromartie (1975a) compared insects on crucifers in culti-
vated versus in weedy plots. Tahvanainen and Root (1972), Root 
(1973), van Emden (1965), Pollard (1971) and Cromartie (1975b) 
investigated effects on the crucifer insect fauna of proximity to 
other vegetation types (e.g., uncultivated fields or woods). 
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Pimentel (1961b), Finch and Skinner (1976), end Way et al. (1969) 
compared insect populations on crucifers planted at different 
densities. Cromartie (1975a) studied effects of host plant patch 
size on crucifer insects. Tahvanainen and Root (1972), Latheef and 
Irwin (1979), Perrin and Phillips (1978) and Burandy and Raros (1975) 
studied the effects of interplanting other plant species with 
cultivated crucifers. 
Although there are exceptions, the general conclusions from these 
studies are that l) herbivores, particularly specialists, are more 
abundant in large, dense, pure stands of crucifers, and 2) predators 
and parasites are more abundant (and/or more effective) in more 
diverse habitats. Problems with the design and analysis of many of 
these studies make interpretation of the conclusions difficult. 
In several experiments, the aspect of plant pattern being studied was 
confounded with other variables. For example, in 010st of Cromartie's 
(1975a) experiments concerning vegetation background, the cultivated 
and weedy plots were in areas with different weed species and sources 
of colonizing insects. In Pimentel 's (1961b) experiments, plant 
density was confounded with patch size. In a number of experiments on 
effects of density and of vegetation background, host plants in 
different treatments grew to very different sizes (Root 1973, Pimentel 
1961a, Dempster 1969). In most of the interplanting experiments, the 
number and spacing of the cruciferous host were different in different 
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treatments (Burandy and Raros 1975, Perrin and Phillips 1978, Tahvanainen 
and Root 1972). One of Burandy and Raros' (1975) experiments lacked 
replication. For some studies (Root 1973, Cromartie 1974, 1975a) 
insufficient information was given to evaluate the statistical analyses, 
but they appeared inappropriate for the experimental designs, 
subsampling being confused with replication. 
Four criteria were used to select aspects of plant pattern 
for field experiments in the present study. l) Previous studies 
left the effect of this aspect of plant pattern unresolved. 2) "Clean" 
experimental designs and appropriate statistical analyses for 
testing effects of this aspect of plant pattern could be developed. 
(For example, experiments involving plant density are almost un-
avoidably confounded by pat~h size.) 3) Field experiments could be 
done with sufficient replication in a few acres or less. (For example, 
experiments on distance to alternate host plants for highly mobile 
insects would require an infeasibly large experimental area.) 
4) At least one aspect of plant pattern must be amenable to modeling 
analyses. Plant type surrounding the main host (collards) and host 
plant patch size were chosen for study. Patch size field experiments 
complemented modeling studies on patch size. 
Surrounding plant type 
Root (1975) coined the term "associational resistance" to describe 
a mechanism where the types of plants growing near a host plant 
influence the population dynamics of insects using the host. Inter-
planting of crops in indigenous tropical agriculture (Altieri et al. 
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1978) and "companion planting" of certain crops in organic gardening 
(Philbrick and Gregg 1966) exploit associational resistance to 
decrease pest problems. Trenbath (1977) reviewed some of the inter-
actions among insect behavior and mixtures of plant species that 
may influence insect populations. Interplanting may affect coloni-
zation of host plants by modifying the attractiveness of the host, 
or it may affect later development of the insect population through 
dispersion onto nonhost species. 
Several previous studies tested effects of different types of 
plants surrounding a cruciferous host. In these studies it was 
anticipated that populations of specialist herbivores would be reduced 
by nonhost plant interference with visual or olfactory cues used 
by the specialist to locate suitable hosts. The surrounding plants 
were chosen because their odors were thought to mask those of mustard 
oil compounds attracting crucifer specialists. Latheef and Irwin 
(1979) planted a variety of aromatic herbs around cabbage plots; 
Perrin and Phillips (1978) planted tomatoes with ~russels sprouts; 
Burandy and Raros (1975) tomatoes with cabbage; and Tahvanainen and 
Root (1972) tomatoes or tobacco with collards. There is evidence 
that the chemicals in tomatoes repel some crucifer specialists from 
ovipositing or feeding on crucifers (Thorsteinson 1953, Gupta and 
Thorsteinson 196Oa, b for .E_. xylostella 1 Lundgren (1975) for Pieris 
spp.; Tahvanainen and Root (1972) for P. cruciferae). On the other 
hand, T. ni will eat tomato leaves (Oatman and Platner 1978). 
The results of these studies are contradictory; some problems 
with their interpretation were outlined above. Burandy and Raros 
(1975) and Tahvanainen and Root (1972) reported that P. xylostella 
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and P. cruciferae, respectively, were less abundant on crucifers 
interplanted with tomatoes. Latheef and Irwin (1979) and Perrin and 
Phillips (1978) found no differences between insects on crucifers alone 
and crucifers interplanted with herbs or tomatoes. Lundgren (1975) 
reviewed attempts to control Pieris spp. by interplanting crucifers 
and tomatoes, reporting both successes and failures. 
A particular type of associational resistance was proposed by 
Atsatt and O'Dowd (1976) in their discussion of "decoy" plants. 
These are plants that have the same attractant chemistry as the proper 
host plant, but are toxic . Atsatt and O'Dowd suggested that the 
presence of decoy plants could reduce insect populations on the proper 
host plant due to ovipositional "mistakes" where the insect lays eggs 
on the toxic plant. 
The studies reviewed above suggested that the tmpact of sur-
rounding plants on insect populations on the main host plant depends on 
many factors, including: l) the relative attractiveness of the 
surrounding plant type and the main host plant (related species often 
have the same attractant chemistry); 2) the suitability of the sur-
rounding plant type as a host; 3) the relative abundance and spacing 
of surrounding plants and the main host plant: and 4) the presence 
of specific visual or olfactory repellents in the surrounding plant. 
O'Dowd and Williamson (1979) modeled conditions for coexistence among 
plant species incorporating effects of associational resistance on 
pl ant growth. 
Host plant patch size 
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Cromartie's (1975a) study on collard patch size is the only one 
using crucifers to examine effects of host plant patch size. He 
found that f_. rapae was most abundant in small (l-plant) patches, 
one flea beetle (Phyllotreta striolata (F.)) most abundant in 
intermediate (10-plant) patches, and a more specialized flea beetle 
(~. cruciferae) most abundant in large (100-plant) patches. In 
studies using other plant groups, Thompson (1978) found that large 
Pasti~aca sativa L. plants received heavier attacks by a specialist 
herbivore than small plants and that large plants in patches were 
attacked more than isolated large plants. Raupp and Denno (1979) 
studied the influence of patch size of the salt marsh grass Spartina 
patens (Ait.) Muhl. on a guild of sap-feeding insects . They found 
that five of the nine most common species were more abundant in 
larger patches. 
Mechanisms through which patch size may influence insect popu-
lation dynamics include: l) insect mobility, 2) host specificity, 
and 3) insect host-finding behavior. In Raupp and Denna's (1979) 
study, many of the insects were sedentary specialist herbivores that 
overwintered in the Spartina. The patch sizes studied (l-20 ha) were 
large relative to the insects' mobility. The greater abundance of 
several species in the larger patches probably reflected greater 
resource availability and stability in larger habitat "islands," as 
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predicted by island biogeography theory (Janzen 1968). On a smaller 
scale relative to insect mobility, specialist herbivores may be 
more strongly attracted to larger host plant patches, either because 
they provide more resources for development of sedentary offspring or 
because larger patches may provide more of the visual or olfactory 
stimuli guiding host selection (Root 1973). Details of an insect's 
host-finding behavior may interact with the size of host plant 
patches to concentrate the insect in patches of a certain size. 
Jones (1977a) modeled f.. rapae egg distribution as a function of 
the females' flight distance, turning patterns, and host plant 
preference during oviposition. The models predicted that the 
observed oviposition behavior would result in more eggs being laid on 
host plants in smaller patches, a result that was confirmed by field 
observations. 
The effect of host plant patch size on insect population dynamics 
may influence population dynamics differently at different spatial 
scales, ranging from patch sizes that are large relative to an insects' 
long-term mobility to patch sizes that are much smaller and interact 
with short-term flight and oviposition behavior. 
Methods 
Field experiments were conducted to investigate two aspects of 
plant spatial pattern: 1) host plant patch size, and 2) the 
presence of surrounding plants other than the main host plant in 
a patch. Six experiments were carried out during the summers of 
1977 and 1979. During 1977, a patch size experiment (EXl-77) was 
run during the first half of the summer, and a surrounding plant 
experiment (EX2-77) during the second half. During 1979, a patch 
size (EX1A79) and a surrounding plant experiment (EX2A79) were run 
during the first half of the summer and both repeated during the 
second half (EX1879 and EX2879). 
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The first patch size experiment (EXl-77) was designed to test 
the effects on insect response of distributing a given number of host 
plants in different-sized patches. There were three treatments: 
l) square patch of 64 collards, 2) 4 square patches of 16 collards 
each, and 3) 16 square patches of 4 collards each (Figure la-f). 
In the 1979 patch size experiments (EX1A79 and EX1B79), the treat-
ments consisted of single host plant patches of different sizes : 
l) a square patch of 9 collards, and 2) a square patch of 81 
collards (Figure 2a and b) . 
The first surrounding plant experiment (EX2- 77) used collards 
as the main host plant, surrounded by one of four pJant types (Figure 
3): 1) other collards; 2) collards treated with the systemic 
insecticide aldicarb, to simulate "decoy plants" (Atsatt and O'Dowd 
1976); 3) broccoli; and 4) cherry tomatoes. Broccoli is closely 
related to collards and has similar attractant chemistry. The first 
1979 surrounding plant experiment (EX2A79) used only three treatments, 
omitting the broccoli plots; the second (EX2879) omitted the aldicarb-
treated collard plots as well (Figure 4). 
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Figure 4. Plot layout, surrounding plants experiments, EX2A79 and 
EX2B79. Diagram of all treatments, and photograph of treat-
ment l, where surrounding plants are collards . 
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Horticultural methods 
Vates collards and Early Spartan broccoli plants (Stokes Seeds, 
Buffalo, NY) were raised from seed in individual peat pots. Cherry 
tomato seedlings were purchased from local growers. Seedling plants 
were kept either in a greenhouse or outdoors, depending on the 
weather. Seedlings were protected from ovipositing butterflies 
outdoors by screens of 1/4-inch hardware cloth. In addition, seed-
lings raised for EX2-77 were cleared of insects by spraying with 
Patterson's Green-Up Whitefly spray (containing 2 lb/gal SBP-1382, 
a short residual synthetic pyrethrin) a week before and with a sus-
pension of Bacillus thuringiensis spores (ThuricideR, Sandoz) a few 
days before they were set out in the field. Seedlings for the 1979 
experiments were sprayed with Miller's Control (containing 0. 19% 
pyrethrins and 0.5% rotenone, Chas. H. Lilly, Co.) the day before they 
were set out in the field. Seedlings for EX1B79 and EX2B79 were 
sprayed with Miller' s Control twice a week during rearing to keep 
them free from insects . 
The experimental plots were located in weedy fields at the Green 
Canyon Ecology Center Research Station, North Logan, Cache County, 
Utah. Table l lists some of the most common weeds in the study 
area. They were identified by Leila M. Schultz, Curator, Intermountain 
Herbarium, Utah State University. Several cruciferous weeds 
(Alyssum alyssoides L., Camelina microcarpa Andrz., Lepidium 
perfoliatum L., Capsella bursa-pastoris (L.) Medic., and Sisymbrium 
altissimumL.) were common, particularly early in the growing season. 
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Table l. Common weeds in vicinity of collard plots . 
Common ame 
Bindweed 
Dandelion 
Salsify 
Hild lettuce 
Sweet clover 
Grasses 
Mal low 
Canadian thistle 
Scientific name 
Convolvulus arvensis L. 
Taraxacum officinale Weber 
Tragopogon dubius Scop. 
Lactuca serriola L. 
Melilotus alba Desr. 
Setaria viridis (L.) Beauv. 
Eragrostis cil ianensis (Al 1.) Lutati 
Agrostis stolonifera L. 
Panicum capillare L., var. occidentale Rydb. 
Malva neglecta Wallr. 
Amaranthus spp. 
Cirsium arvens (L.) Scop. 
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These and cultivated crucifers in home gardens within one-half mile 
of the study area provided sources and alternate hosts for insects 
colonizing the experimental plots. Some of the weedy species, such 
as sweet clover (Melilotus alba Desr.), occurred in conspicuous 
patches, but most were scattered throughout the study area. The 
locations of windbreaks of trees or shrubs relative to the experi-
mental plots are shown in Figures 5a, band c. 
For the 1977 experiments, seedlings 10 cm in height were planted 
in the ground on 3 ft (0.91 m) centers. The area between plants and 
1.5 ft (0 . 46 m) beyond the outer plants in a patch was cultivated 
before planting and hoed during the experiments to eliminate weeds 
(see Figures la and 3). Peat moss and a time-release fertilizer 
(OsmocoteR, 19-6-12, Sierra Chemical) were mixed with the soil around 
each seedling during EXl-77 and at the beginning of EX2-77. At the 
beginning of EX2-77, 5.5 to 6.5 mg aldicarb (TemikR, 10% granules, 
Union Carbide) were added to the soil beneath each surrounding collard 
in treatment 2. Plants were watered individually from a hose, an 
equal volume to each plant, every 4 days in EXl-77 and every 3 days 
in EX2-77. Replacement plants were potted in 19 cm diam. x 16 cm 
plastic pots and placed among weeds a few hundred yards from the experi-
ments. Fewer than 3% of the plants in EXl-77 were replaced. Most 
were repeated replacements of a few plants located near a pocket gopher 
(Thomomys talpoides) burrow. No plants in EX2-77 were replaced. 
Because the soil in the study area was rocky and variable, 
seedlings for the 1979 experiments were planted in plastic pots 
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Figure Sa. Locations of experimental plots for EXl.-77 and EX2-77 
at Green Canyon Ecology Center Research Station. Numbers 
denote treatments in EX2-77. Approximately to scale. 
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Figure 5b. Locations of experimental plots for EX1A79 and EX2A79 
at Green Canyon Ecology Center Research Station . Numbers 
denote treatments in EX2A79. Approximately to scale . 
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Figure Sc. Locations of experimental plots for EX1B79 and 
EX2B79 at Green Canyon Ecology Center Research 
Station. Numbers denote treatments in EX2B79. 
Approximately to scale. 
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rather than in the ground. A half sand, half composted bark mix 
was used in the pots, with 2 T. 0rtho 5-10-10 Vegetable and Tomato 
Food added to each pot in EX1A79 and EX2A79 and 1 T. in EX1B79 and 
EX2B79. Ten mg aldicarb (TemikR, 10% granules, Union Carbide) were 
mixed into each pot of surrounding collards for treatment 2, EX2A79. 
After a week or so, many of the aldicarb-treated collards were not 
toxic to caterpillars, but were suffering from chemical burn. For 
the remainder of the experiment, the aldicarb-treated collards were 
sprayed every 7-10 days with methomyl (NudrinR, 90% soluble powder, 
Shell Chemical) to make them toxic to insects. The potted plants were 
set on the ground on 2 ft (0.61 m) centers without removing any weeds 
except for clumps that interfered with placing the pots. The plants 
were watered individually from a hose every 2 to 4 days as needed. 
Replacement plants were potted and placed a few hundred yards from the 
experiments. 
The aldicarb in EX2A79 appeared phytotoxic and about 15% of the 
aldicarb-treated collards in EX2A79 had to be replaced. Fewer than 
2% of the other plants in EX2A79 and in EX1A79 were replaced. By 
mid-July 1979, when EX1B79 and EX2B79 began, grasshoppers were 
extremely abundant in the study area. To reduce the number of grass-
hoppers migrating into the experimental plots, 10 ft (3.05 m) barrier 
strips of toxaphene (ToxapheneR, 8 lb/gal emulsifiable, Hercules) 
were sprayed 15 ft (4.6 m) outside each plot in EX1B79 and EX2B79 
before the plants were set out. This treatment had little effect. 
About 18% of the plants in EX1B79 and EX2B79 were replaced because 
of defoliation by grasshoppers, starlings (Sturnus vulgaris), and 
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caterpillars. Two plots in EX1B79 and one plot in EX2879 were dis-
continued during the experiments because they were repeatedly destroyed 
by grasshoppers. 
Experimental design 
Three replicates of the three treatments in EXl-77 were arranged 
in a Latin square (Figure 5a). This design was chosen to remove 
variation due to soil differences, location of windbreaks, and position 
relative to other treatments from the experimental error estimate. 
Individual collards were randomly assigned to each of the 64 locations 
(Figure la-c) in each plot. Three replicates of each of the four 
treatments in EX2-77 were arranged in a randomized complete block 
design to remove variation in soil rockiness from the error term 
(Figure 5a). Individual collard, aldicarb-treated collard, broccoli, 
and cherry tomato plants were assigned randomly to each plot 
(Figure 3). EXl-77 began 10 June ; EX2-77 began 28 July. Although 
sampling and watering of EXl-77 were di scontinued 12 August, the plants 
remained alive for the duration of EX2-77. 
The plots for the 1979 experiments were arranged in completely 
randomized designs because analysis of 1977 data showed blocking to 
be unimportant in controlling variation. There were five replicates 
of each of two treatments in EX1A79 and five replicates of each of 
three treatments in EX2A79 arranged as shown in Figure 5b. The study 
area for the 1979 experiments was east of the area used for the 1977 
experiments. EX1A79 and EX2A79 began 31 May and were removed 13 July. 
On 20 July, six replicates of two treatments in EXlB79 and five 
36 
replicates of two treatments in EX2B79 were set out in the same area, 
as shown in Figure Sc. Individual collards were randomly assigned 
to each location in the plots for EX1A79 and EX1B79 (Figure 2a and b) 
and to the four central collard locations in each plot in EX2A79 and 
EX2B79 (Figure 4). No formal randomization procedure was followed 
in assigning surrounding plant locations in EX2A79 and EX2B79 because 
insects were not counted on the surrounding plants. 
Sampling methods 
Data collection from these experiments included: l) counting 
live insects on the plants during each experiment; 2) collecting 
insects to dissect for parasitoids at the end of each experiment; 
3) collecting insect s for rearing parasitoids; and 4) collecting 
aldicarb-treated plants for chemical analysis. 
Live insect counts 
Plants for EXl- 77 were planted 10 June. The first sample of 
live insects was counted 20-21 June . Insects were .counted twice weekly 
for 2 weeks, then weekly for the remaining 6 weeks of the experiment. 
The time required to complete one sample ranged from 2 days at the 
beginning of the experiment to 4 days at the end. EX2-77 was planted 
28 July, and sampled weekly for 7 weeks beginning 8-9 August. This 
experiment was terminated 22 September because of snow. Two days were 
required to complete each sample. Counting was done between 9:30 
a.m. and 1:30 p.m. M.D.T. 
EX1A79 and EX2A79 were begun 31 May, and counted twice weekly for 
6 weeks beginning 4 and 5 June. EX1B79 and EX2B79 were begun 20 July, 
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and counted twice weekly for 3 weeks beginning 23 and 24 July. 
EX1879 and EX2879 were terminated on 11 August because of damage by 
grasshoppers, starlings, and caterpillars. In 1979 counting was done 
between 9 and 11 a.m., and only one day was required to sample each 
experiment. 
Two or three observers participated in each sample of EXl-77, 
three in each sample of EX2-77 and two to four in each sample of the 
1979 experiments. Observers were assigned randomly to plots and, when 
possible, observer differences were confounded with differences due 
to blocking. The order in which plots were sampled was randomized to 
reduce the influence of observer fatigue and weather changes during 
a sample. 
The numbers of plants in each sample of EXl-77 are sunmarized in 
Table 2. The sample size was reduced as the number of insects and 
size of each plant increased. In EX2-77, insects on the four central 
collards (Figure 3) plus those on four surrounding plants randomly 
chosen from the 12 surrounding plants in each plot were counted in 
every sample. In EX1A79, insects on all nine collards in treatment 1 
were counted in every sample. In treatment 2, nine plants randomly 
chosen in each plot were counted in the first five samples, 18 in the 
sixth sample, and 27 in the last six samples. The number of plants 
per sample was increased to improve precision. In EX1B79, all 
nine plants from treatment 1 and 27 randomly chosen plants from 
treatment 2 were counted in each sample. However, the elimination 
of one replicate of treatment l after the second sampling date and 
of one replicate of treatment 2 after the fourth sampling date 
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Table 2. Number of plants per sample for EXl-77. 
Sample Treatment l Treatment 2 Treatment 3 
1-7 16 4 from each patch 2 from each of 8 
randomly chosen 
patches 
8-9 12 3 from each patch 2 from each of 6 
randomly chosen 
patches 
10 8 2 from each patch 2 from each of 4 
randomly chosen 
patches 
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decreased the total number of plants counted. In EX2A79 and EX2B79, 
only the four central collards (Figure 4) were counted in each 
sample. One replicate of treatment l was eliminated from EX2B79 
after the second sampling date. 
In the 1977 experiments, all living individuals of all life 
stages of all arthropods found on the above-ground parts of each 
selected plant were counted using two methods. To count active arthro-
pods, the observer approached a plant without disturbing or casting 
a shadow on it and dropped a muslin-covered cylinder over it. The 
plant was shaken slightly and jumping or flying insects counted as 
they jumped from the plant to the muslin. This method worked well 
for jumping and large flying insects, but probably underestimated 
small, active insects such as parasitic Hymenoptera. Sedentary 
arthropods were counted without removing them from the plants by 
examining the stem and both surfaces of every leaf. When taxa, such 
as thrips or wingless aphids, exceeded 40 individuals per leaf sur-
face, their numbers were estimated to a multiple of 5. Any arthropods 
that could not be identified in the field were collected and taken 
to the laboratory or sent to specialists for identification. The 
following people assisted with insect identification: D. W. Davis, 
J. B. Karren, G. F. Knowlton, and W. J. Hanson, Biology Department, 
Utah State University; F. D. Parker and G. E. Bohart, USDA SEA-AR 
Area Office, Utah State University; Chrysomelidae, E. H. Smith, Field 
Museum of Natural History, Chicago; Chalcidoidea, E. E. Grissel 1, 
Florida Department of Agriculture, Gainesville; Chloropidae, C. W. 
Sabrosky; Braconidae and Aphidiidae, P. Marsh; Cynipidae, A. S. Menke; 
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Ichneumonidae, R. W. Carlson; all from the Insect Identification and 
Beneficial Insect Introduction Institute, Beltsville Agricultural 
Research Center, Beltsville, MD. 
Throughout the study, emphasis was placed on nondestructive 
counting of large numbers of arthropods in the field rather than 
on highly accurate identification. Arthropods were identifed only 
to the level necessary to determine their ecological role in relation 
to the main host, collards. For example, different life stages of 
major crucifer pests, such as P. rapae, were counted separately, 
whereas several species of leafhoppers were treated as one group. 
Identification of most taxa was straightforward although a few groups, 
such as parasitic Hymenoptera and immature aphids, were difficult 
to identify in the field. Taxa counted in 1977 are listed in Appendix 
A. 
In 1979, only the three most abundant lepidopteran species--
P. rapae, .E_. xylostella, and I- ~--were counted. Eggs, larvae, 
pupae, and adults were counted separately. 
In addition to the number of arthropods of each taxon, infor-
mation recorded for each plant included: l) length of the longest 
leaf, measured along the midrib from ground level to the tip; 
2) number of leaves; 3) interior or edge plant (patch size exper-
iments only); 4) type of plant (for surrounding plants EX2-77 only); 
and 5) a measure of insect damage or load. In EXl-77, EX2-77, 
EX1B79, and EX2B79, this measure was a visual estimate of the per-
centage of leaf area that was missing and presumed to have been eaten. 
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In 1977, four index levels were used: 1) 0-25% eaten; 2) 26-50% 
eaten; 3) 51-75% eaten; and 4) more than 75% eaten. In 1979, 
different index levels were used: 1) 1-10% eaten; 2) 11-25% eaten; 
3) 26-50% eaten; and 4) more than 50% eaten. In EX1A79 and EX2A79, 
the number of arthropod herbivores, other than the three species being 
counted, was estimated. Three index levels were used: 1) 0-2/leaf; 
2) 3-20/leaf; and 3) more than 20/leaf. For each plot, the sample 
number, Julian date, observer, treatment, block (or row and column), 
and, in 1977 only, number of days since watering were recorded. 
Parasitoid dissections 
Parasitism of lepidopteran eggs, of aphids, and off_. xylostella 
larvae could be determined in the field and was recorded while 
counting live insects. Parasitism of lepidopteran larvae and pupae 
could not be determined by external observation, so individuals from 
these groups were dissected and examined for parasitoid eggs or larvae. 
Since this procedure was destructive, collections of larvae and 
pupae for dissection were made only at the end of each experiment. 
Table 3 lists the number of each species collected from randomly 
selected plants in each experiment. 
The larvae and pupae were placed in glass vials plugged with 
cotton and held alive in a cooler until they could be dissected. 
Larvae were not separated by instar, so the estimate of parasitism . 
obtained from this procedure may be biased because smaller larvae 
were more easily lost or damaged during collection. Parasitoid eggs 
and larvae were not identified, but it was often possible to guess 
Table 3. Number of individuals of each taxon collected, dissected and examined for parasitoids. 
EXl -77 EX2-77 EX1A79 EX2A79 EX1B79 EX2B79 
Species Sample 9 Sample 10 Sample 7 Sample 12 Sample 12 Sample 6 Sample 6 (2 Aug) (9 Aug) ( 19 Sep) ( 11 Jul) (12Jul) ( 11 Aug) ( 11 Aug) 
P. ragae larvae 518 635 338 915 254 552 78 
P. rapae pupae 1 0 0 10 0 25 0 
P. xilostella larvae 75 94 133 285 150 31 0 
f_. xylostella pupae 4 4 23 168 50 71 3 
T. ni larvae 4 2 1 49 15 10 0 
-
T . .!!.i. pupae 0 0 0 2 0 3 0 
Pieris protodice 
larvae 0 0 0 0 0 46 2 
+:> 
N 
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their identity by knowing what parasitoids were found in the area, 
the host species, and whether the host was singly or multiply para-
sitized. 
Parasitoid rearing 
Adult parasitoids (mainly oarasitic Hymenoptera) were identified 
and counted during nondestructive sampling, and it was often possible 
to guess a host from previous information on host-parasite associations. 
To determine more accurately what species were parasitizing which 
hosts, parasitized aphids, parasitized f.. rapae eggs, f.. rapae 
larvae, and f_. xylostella larvae and pupae were collected at the 
end of EXl-77. Parasitized eggs and aphids were kept in gelatin cap-
sules until the adult parasitoid emerged. Pupae were collected on a 
small piece of leaf and placed in cloth-covered jars until adult moths 
or parasitoids emerged. Larvae were kept in cloth-covered jars. 
Fresh collard leaves were supplied and fecal material removed daily. 
Pupae were removed to separate jars and treated as described above. 
Emerged parasitoids were identified by specialists.' 
Aldicarb - treated collard collection 
In order to determine if aldicarb applied to the soil beneath 
surrounding plants in treatment 2, EX2-77, had entered the surrounding 
plants without affecting the central collards, the four central 
collards and the aldicarb-treated surrounding collards from each treat-
ment 2 plot were cut at ground level, placed in plastic bags, and 
frozen at the end of the experiment. At Morse Laboratories, 1525 
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Fulton Avenue, Sacramento, California, the plants were analyzed for 
aldicarb residues using gas chromatography. 
To determine if the aldicarb-treated collards in EX2A79 con-
tained aldicarb residues, they were cut at ground level, bagged, 1arid 
frozen at the end of the experiment. They were analyzed by gas 
chromatography in the Animal Science Department, Utah State University. 
Data analysis methods 
Dependent variables 
The general scheme for data analysis was to group data from 
related taxa. In 1977, observations were made on all arthropod species. 
Of the 75 taxa listed in Appendix A, 20 to 30 were present on each 
sampling date. For each date, the taxa present were grouped into 
the following categories: l) crucifer specialist herbivores (e.g., 
P. rapae); 2) generalist herbivores (e.g., f.. occidental is); 
3) specialist predators (e .g ., ladybird beetles on aphids); 4) gen-
eralist predators (e.g., spiders); 5) predators (3 and 4); 6) para-
sitoids; and 7) predators and parasitoids (5 and 6), as noted in 
Appendix A. Species found on the collards but known to have no role 
in the collard ecosystem, such as mayfly adults, were ignored. The 
number per plant of about 10 of the most common individual species 
and of the seven groups listed above were the dependent variables 
for analyses of variance. 
In 1979, observations were made of all life stages in three 
species--f. rapae, f. xylostella, and I- ni. The data were grouped 
into the following categories: all life stages of 1) f_. rapae; 
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2) .!:'._. xylostella; 3) T . .!!.i_; and 4) all three species. Descriptive 
statistics, frequency histograms, and scatterplots against the inde-
pendent variables for these four groups plus the individual categories 
were then compared. Categories with similar response patterns were 
combined, and these groups were the dependent variables for analyses 
of variance. 
Data on parasitism of lepidopteran eggs,.!:'._. xylostella pupae, 
and aphids (1977 only) were recorded on all sampling dates. The propor-
tions of parasitized individuals in each category were calculated for 
each plant. Plants with no parasitized or unparasitized individuals 
of a given category were not included in analyses of that group. In 
the 1977 experiments, only data from sampling dates 9 and 10 (2 and 
9 Aug) of EXl-77 and from sampling date 7 (19 Sep) of EX2-77 were 
used. All dates from the 1979 experiments were included . Data on 
parasitism of lepidopteran larvae and pupae were recorded from 
material col l ected and dissected at the end of each experiment. The 
proport i ons of larvae and pupae of.!:'._. rapae, .!:'._. xy]ostella, and 
T . .!!.i_ that contained parasitoid eggs or larvae were calculated. 
Some data sets were unbalanced because of missing plants or 
missing plots (EX1B79 and EX2B79). In addition, the proportion para-
sitized data sets were almost always unbalanced due to exclusion of 
plants with no parasitized or unparasitized individuals. Data sets 
for some dependent variables had so many missing observations or 
so few non-zero observations that a meaningful analysis of treatment 
effects could not be made. The dependent variables analyzed for each 
experiment are listed in the ANOVA summary tables and tables of 
proportion parasitized in the Results and Discussion section. 
Descriptive statistics, frequency histograms and cumulative 
probability plots for most of the dependent variables revealed an 
excess of zero and near-zero counts and correlation of the means 
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and variances. The data were transformed to ln (count+ 1) to make 
the data distribution more nearly normal and to reduce interdependence 
of means and variances . Transformation also improved the r2 values 
for the analyses. The ln (count+ 1) transformation was recommended 
by Harcourt (1961a) for numbers of~- rapae eggs per plant and by 
Hayman and Lowe (1961) for counts of B. brassicae. 
Independent variables 
Treatment (patch size for EXl-77, EX1A79 and EX1B79; surrounding 
plant type for EX2-77, EX2A79 and EX2B79) was the major independent 
variable in all analyses. For data sets including more than one 
sampling date, date and the date by treatment interaction were also 
sources of variation. 
To determine if other independent variables (i.e ., edge vs. non-
edge plant, number of leaves) should be included in the analyses, 
stepwise-deletion regression (1977 data) or scatterplots and frequency 
histograms (1979 data) were used. The stepwise-deletion procedure 
ranked a list of independent variables by their relative contribution 
to variation in a dependent variable. Independent variables that 
consistently accounted for most of the variation in several dependent 
variables were included in the final analyses. Since preliminary 
analyses of 1977 data that included rows and columns (EXl-77) and 
blocks (EX2-77) showed that these effects were rarely significant, 
they were pooled with the error terms in the final analyses. Some 
47 
taxa showed different responses to edge vs. non-edge plants in the patch 
size experiments. The effect of edge was included in the treatment 
effect, rather than as an additional source of variation, because 
the proportion of edge plants is an integral part of patch size 
and cannot be varied independently (without changing patch shape). 
In preliminary analyses of EX2-77 data, data from the four col-
lards in each plot and from the four randomly chosen surrounding 
plants were considered separately. Data from the surrounding plants 
were analyzed to see if the patterns of insect response on the 
central collards in each treatment reflected their response on sur-
rounding plants. For example, if a taxon was more abundant on the 
surrounding plants in a particular treatment, it might also be more 
abundant on the central collards in that treatment. Such patterns 
did not occur (e.g., f.. ra~~ larvae did not occur at all on tomato 
plants but were most abundant on central collards surrounded by tomato 
plants), and the surrounding plant data were not analyzed further. 
The dependent variables for the 1979 data were plotted against 
the independent variables recorded for each plant. Frequency histograms 
by treatment of some independent variables were made. Independent 
variables that were uncorrelated with the dependent variables and 
showed no interaction with treatment effects were omitted from the 
final analyses. Again the effect of edge was included as part of the 
patch size treatment effect. 
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Analysis of treatment means 
ANOVA was used to test differences among treatment means for 
numbers per plant and for proportion parasitized of common taxa. 
Sources of variation used in the analyses of each experiment are listed 
in the ANOVA tables in Appendix B. Treatment was a main-plot effect. 
When used, date and date by treatment were split-plot effects because 
repeated observations were being made on the same experimental 
unit. (Data from the first sampling date were omitted from analyses 
of EX2A79 to conform to core limitations of the available 
least squares analysis program.) Individual plants were the sub-
sampling units. Analyses of the 1977 data used plant height, number 
of leaves and percentage eaten as covariates ; these were subsampling 
effects. In evaluating statistical tests, any tests with P>0.10 
were considered not significant. For those experiments with more than 
two treatments (EXl-77, EX2- 77, EX2A79), multiple comparisons of treat-
ment means using Tukey1 s HSD procedure (Sokal and Rohlf 1969:238) 
were made for dependent variables with significant treatment effects 
in the overall F-test. 
Components of variance 
To determine whether or not there were treatment differences in 
variability due to replication or date, components of variance 
analyses were made for EX1A79 and EX2A79. The dependent variables 
were the same as those used for the analyses of treatment means. 
To avoid an unbalanced analysis, nine plants (subsamples) were 
randomly selected from each treatment 2 (81 plant) plot in samples 
6 through 12 of EX1A79 (where more than nine observations per plot 
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were originally made). This procedure was followed twice and both 
data sets used in the tests. Estimates of the following components 
of variance were obtained for each treatment (two estimates for 
treatment 2 of EX1A79): 
Replicate 
Date 
Date x Replicate 
Subsampling 
The Replicate and Date components were then tested for treatment 
differences using the F-test for homogeneous variances for EX1A79 
and the F -test (Sokal and Rohlf 1969:372) for EX2A79. Any dif-max 
ferences that were close to the critical value at a=0.05 according 
to the F-max test were tested again using Bartlett's test for homo-
geneity of variances (Sokal and Rohlf 1969:370) to see if they were 
significantly different at a=O.l. In a few instances, a negative 
variance estimate was obtained, indicating that the true variance was 
probably close to zero. If there were only two treatments, no test 
was made; if three treatments, the remaining two were compared. 
Results and Discussion 
In this section, the general natural history of the insects in 
the experimental plots will be discussed first, followed by a summary 
of host-parasitoid relationships. Then the results of the experiments 
on surrounding plant type and host plant patch size will be described. 
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General natural history 
Common taxa 
Arthropods observed on the above-ground parts of the experimental 
plants in 1977 are listed in Appendix A. In 1979, observations 
were limited to three herbivore species that specialize on crici-
fers--f_. rapae, f_. xylostella, and_!_.~- Figure 6 shows the trophic 
relationships of the roost common taxa. 
The array of common taxa found on the experimental collards 
(Figure 6, Appendix A) was similar to arthropod communities described 
by Root (1973) for collards in western New York, by Harcourt (1963) 
for cabbage in eastern Ontario, and by Oatman and Platner (1969) 
for cabbage in southern California. B. brassicae and F. occidentalis 
were the most abundant herbivores both on cabbage in southern California 
and in the present experiments, particularly in 1977. The infrequent 
occurrence of flea beetles (mainly f_. cruciferae) on collards in Utah 
was notable because they were the most abundant herbivores on collards 
in western New York (Root 1973). Such differences suggest that relation-
ships between herbivores and plant pattern in one geographic region 
may not be repeated in another region with a different insect com-
munity. 
P. rapae, f_. xylostella, and_!_. ni were the most abundant lepi-
dopteran species in all four areas, although their relative abundances 
differed. In western New York and eastern Ontario,_!_.~ was rela-
tively scarce, in Utah intermediate in abundance, and in southern 
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California very abundant. _E_. rapae was very abundant in all areas. 
A fourth lepidopteran species, Pieris protodice Boisduval arid Leconte, 
was found in the present study in small numbers in late summer in 
both 1977 and 1979. 
The dominant parasitic and predaceous species were much the same 
in Utah as in the other areas. _E_. rapae, _E_. xylostella, and!:_ 
brassicae are introduced species; both they and their common para-
sitoids have cosmopolitan distributions. The major predators (lady-
bird beetles, syrphid larvae, lacewing larvae, spiders) are also widely 
distributed. 
Annual variation 
There were differences in phenology and relative abundance of 
arthropod species between 1977 and 1979 field seasons in the present 
study. In 1977 aphids colonized the experimental plots early in 
June and were very abundant throughout the summer. In 1979 few 
aphids appeared on the plants until early July and few plants developed 
heavy aphid infestations. Root (1973) reported annual variation in 
~- brassicae populations on collards in western New York. They were 
absent one year, but one of the more abundant species in two other 
years. In 1977, _E_. rapae was the first lepidopteran species to 
appear in the experimental plots. _E_. xylostella did not appear until 
mid-July, and only a few I· _Q.:!_ larvae were found late in the summer. 
In 1979 _E_. xylostella was the first to appear in early June and it 
declined during July. T. !!_j_ also appeared early, and was much more 
abundant than in 1977, although still not as numerous as either 
P. rapae or P. xylostella. 
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The major difference between 1977 and 1979 was in grasshopper 
abundance. In 1977, grasshoppers were present in the study area 
from early July through September, but were rare on collards. In 
1979, grasshoppers became extremely abundant by mid-July and remained 
so through the end of the experiments in mid-August. They fed heavily 
on the collards. 
Weather may also account for differences in the arthropod com-
munity between 1977 and 1979. The summer of 1977 was moderately dry 
following a mild, dry winter and spring. The summer of 1979 was very 
dry following a cold, moist winter and spring. Aphid over-winter 
survival may have been lower in 1979 than in 1977. The weedy vegetation 
in the study area dried up by mid-July in 1979, causing the grasshoppers 
to consume collards, which they ordinarily avoided. It is unlikely 
that differences between 1977 and 1979 can be attributed to the fact 
that 1977 was the first time cultivated crucifers had been grown in 
the study area. All major crucifer pests are mobile; there are wild 
crucifers in the study area and cultivated crucife~s in nearby gardens 
every year; and, no cultivated crucifers were grown in the study area 
during the intervening summer, 1978. 
Seasonal variation 
In addition to differences between 1977 and 1979, there were 
consistent differences in insect population dynamics between early 
and late parts of the field season. During July, many populations 
grew rapidly (e.g., Figure 7a). During the latter part of the summer, 
population trends were less clear (e.g., Figure 7b). Populations 
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TREATMENT 1 
TREATMENT 2 
TREATMENT 3 
TREATMENT 1 
TREATMENT 2 
TREATMENT 3 
TREATMENT 4 
Figure 7. Treatment means versus date, unparasitized P. rapae 
eggs; a) EXl-77, b) EX2-77. -
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increased more abruptly during the first half of the summer in 
1977 than in 1979, when population growth was less rapid both early 
and late in the summer (Figures 7a and b vs. Figures 8a and b). 
Perhaps the dynamics during the two summers differed because in 
1977, the plants from EXl-77 remained in place during EX2-77, allowing 
insects to move from EXl-77 to EX2-77. In 1979, the plants from 
the first experiments (EX1A79 and EX2A79) were removed before EX1B79 
and EX2B79 began. Also, EX2-77 took place later in the season 
(August to mid-September 1977) than EX1B79 and EX2B79 (late July to 
mid-August 1979). 
Host-parasitoid relationships 
Host and parasitoid taxa 
Parasitized M. persicae, B. brassicae, and f. rapae eggs; f . rapae 
larvae; and.!:_. xylostella Jarvae and pupae were collected from EXl-77 
during mid-August. Table 4 lists hosts and parasitoid species reared 
from them. 
Other host-parasitoid relationships noted during this study 
included: 
l) Hyperparasitoids, Tetrastichus sp., from cocoon of para-
sitoid Hyposoter sp. (prob. exiguae), Ichneumonidae, in larval skin 
of f. rapae; 
2) adult Spilochalsis sp., Chalcididae, a hyperparasitoid of 
A. glomeratus,on collard; 
Figure 8. 
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Table 4. Host and parasitoid species from collections made in mid-August from EXl-77. 
Hosts 
50 parasitized 1- brassicae 
53 parasitized !:1_. persicae 
59 parasitized _I:_. rapae eggs 
253 P. rapae larvae 
108 P. xylostella larvae 
15 P. xylostella pupae 
Paras itoi ds 
Diaretiella rapae (M'Int.), 
Braconidae 
Diaretiella rapae (M'Int.), 
Braconi dae--
Tri chogramma sp., 
Trichogrammatidae 
Apanteles glomeratus (L.), 
Braconidae 
Diadegma insulare (Cr.), 
Ichneumonidae 
Hyperparasitoids 
Pachyneuron sp., Pteromalidae 
Alloxysta sp., Cynipidae 
Pachyneuron sp., Pteromalidae 
Alloxysta sp., Cynipidae 
Tetrastichus sp., Eulophidae 
u, 
00 
3) pupal parasitoid, probably Pteromalus sp., Pteromalidae, 
in dissected pupa of imported cabbageworm (~. rapae); also adult 
Pteromalus sp. on collards; 
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4) Voria ruralis (Fallen), Tachinidae, pupae in larval lepi-
dopteran skin; 
5) Eulophidae (probably Thripoctenus russelli Crawford) para-
sitizing f_. occidentalis; 
6) parasitoid larvae similar to those found in~ - rapae larvae, 
probably~- glomeratus, from dissected~- protodice larvae; and 
7) parasitoids in about 50% of dissected I_. !:0.__ larvae. 
This list of insect parasitoids and hosts contains no surprises. 
Some parasitoids previously reported from these hosts, such as 
Copidosoma truncatellum (Dalman) from I_. !!_j_, were not found. Absence 
of a parasitoid species from the observations is not a reliable indi-
cation of its absence from the system because: l) relatively few 
hosts were observed for some species, such as I_. !:0.__; 2) parasitoid 
eggs and larvae from dissected larvae and pupae were not identified; 
3) hosts from which parasitoids were reared were collected only 
once (mid-August 1977); 5) parasitism of some hosts (e.g.,~- rapae) 
was to9 low to provide more than a few parasitoids even from a few' 
hundred hosts; and 6) adult parasitoids were difficult to collect 
and identify during field sampling. 
Average proportions parasitized 
The average proportions parasitized for taxa with enough observa-
tions to permit meaningful discussion are listed in Tables 5 through 9. 
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Table 5. Average proportion parasitized for selected taxa, EXl-77. 
Average proportion parasitized 
Taxon Sample 9 (2 Aug) Sample 10 (9 Aug) 
Wingless _ti. persicaea 
Winged _ti. persicaea 
Total M. persicaea 
Wingless~- brassicaea 
Winged~- brassicaea 
Total B. brassicaea 
Total wingless aphidsa 
Total winged aphidsa 
Total aphidsa 
P. rapae eggsa 
P. rapae larvaec 
P. xylostella larvaec 
0.095 
0. 031 
0.090 
0.195 
0.025 
0. 176 
0.228 
0.051 
0.211 
0.029 
0. 139 
0. 156 
a Determined by field observation. 
b Not analyzed; too few observations. 
C Determined by dissection. 
0.139 
b 
0. 132 
0.243 
0.061 
0.225 
0. 231 
0.055 
0.219 
0.035 
0.049 
b 
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Table 6. Average proportion parasitized for selected taxa. EX1A79 
and EX1879. 
Average proportion parasitized 
Taxon EX1A79 EX1879 
P. rapae eggsa 0.089 0.064 
P. xylostella pupae a 0.255 b 
P. rapae larvaec 0.010 0.049 
P. xyl oste 11 a larvae C 0. 190 b 
P. xilostella larvae and 
pupaeC 0.236 b 
Total larvae and pupaec 0.092 o. 108 
a Determined by field observation, all dates (4 June-11 Jul for 
EX1A79; 23 Jul-9 Aug for EX1879). 
b Not analyzed; too few observations. 
c Determined by dissection, last sample only (11 Jul for EX1A79; 
11 Aug for EX1B79). 
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Table 7. Average proportion parasitized for selected taxa, Sample 7 
(19 Sep), EX2-77. 
Taxon 
Wingless!:!_. persicaea 
T l M . a ota . pers 1 cae 
Total wingless aphidsa 
Total aphidsa 
a P. rapae eggs 
P. rapae larvaeb 
P. xylostella larvaeb 
a Determined by field observation. 
b Determined by dissection. 
Average proportion 
parasitized 
0.030 
0.029 
0.012 
0.010 
0.027 
0.621 
0.422 
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Table 8. Average proportion parasitized for selected taxa. EX2A79. 
Taxon 
P. ra~ae eggsa 
P. xyl os te 11 a pupaea 
P. xylostella larvaeb 
P. X,z'. 1OS te 11 a larvae and 
Total larvae and pupae b 
pupaeb 
Average proportion 
parasitized 
0. 112 
0.297 
0.055 
0.119 
0.044 
a Determined by field observation, all dates (5 Jun-12 Jul). 
b Determined by dissection, last sample only (12 Jul). 
Table 9. Average proportion parasitized for selected taxa, EX2879. 
Average proportion 
Taxon parasitized 
P. a 0.090 ra~ae eggs 
P. rapae larvaeb 0.025 
a Determined by field observation, all dates (24 Jul-10 Aug). 
b Determined by dissection, last sample only (11 Aug). 
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Parasitism for aphids was determined only in 1977. The proportion 
oft!_. persicae parasitized ranged from 3% in sample 7 (19 Sep), 
EX2-77, to 13% in sample 10 (9 Aug), EXl-77. Parasitism of B. 
brassicae ranged from 17.6% to 22.5 % for the last two samples from 
EXl-77 (2 and 9 Aug). These percentages were determined by calcu-
lating the proportion of mummified aphids (including parasitism) 
out of the total number of aphids observed on a plant. Hafez (1961) 
cautioned that this method may overestimate parasitism because 
mummified aphids accumulate on the plants. Wingless aphids had a 
higher proportion parasitized than winged forms (Tables 5 and 7); 
Hafez (1961) noted this difference in his study of~- brassicae. 
In EXl-77, the proportion of~- brassicae parasitized was greater 
than that oft!_. persicae (Table 5) consistent with Hafez's (1961) 
observation that the most common parasitoid on these species, t-
rapae, prefers~- brassicae tot!_. persicae. Later in the season in 
EX2- 77, when parasi t ism was low, this preference was not evident 
(Table 7). Hafez (1961) found that parasitism of~- brassicae by 
_Q_. rapae in the laboratory declined as host density increased. The 
same relationship was observed in this study when parasitism rose and 
host population density declined between sample 9 and sample 10 of 
EXl-77. 
P. rapae eggs were parasitized by a Trichogramma sp. The proportion 
of parasitized eggs ranged from 2.9 to 11.2% (Tables 5 through 9) 
during the two field seasons. In studies of parasitism off_. rapae 
eggs on cabbage in Missouri, Parker (1970) reported Oto 3% of eggs 
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parasitized where Trichogramma sp. had not been released and 8 to 28% 
where they had been released. In the present study, some I.- _Qj_ eggs 
also were parasitized, but too few were observed to ~arrant analysis. 
The proportion off.. rapae larvae parasitized ranged from 1 to 
62.1 %. The most common larval parasitoid was f_l. glomeratus. Parker 
(1970) reported larval parasitism for f_l. glomeratus attacking f.. rapae 
larvae on cabbage in Missouri ranging from 10 to 60%. Oatman and 
Platner (1969) reported average f_l. qlomeratus parasitism off.. rapae 
larvae on cabbage in southern California to be 38.6%. This high 
average may reflect the year-round presence of cabbage and _I:_. rapae 
in a warm climate. Other studies (Parker et al. 1971) have shown that 
A. glomeratus is not effective in controlling f.. rapae, in part because 
development of host and parasitoid populations are asynchronous and 
parasitoid densities are too low during the early part of the growing 
season to increase rapidly in response to host population growth. 
Observations from th i s study were consistent with these patterns. 
Parasitoid s did not appear in significant numbers until July. Para -
sitism declined as _I:_. rapae larval dens i ty increased between samples 
9 and 10 of EXl-77 (Table 5). High average parasitism was observed 
only very late in the season, mid-September for EX2-77 (Table 7). 
Average parasitism for f.. xylostella larvae ranged from 5.5 to 
42.2 %, with higher values occurring late in the season. Pupal para-
sitism was higher than larval. Harcourt (1960) reported 40% para-
sitism off.. xylostella larvae on cabbage in eastern Ontario. Oatman 
and Platner (1969) found about 35% of P. xylostella larvae and pupae 
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on cabbage in southern California to be parasitized. In these studies 
as well as in the present study, the major parasite off. xylostella 
larvae and pupae was _Q_. insulare. In this study and in the studies 
from other geographic areas, f. xylostella was rrore heavily parasitized 
and better controlled by parasitism than f. rapae. 
Too few observations of parasitism of other species were made to 
permit meaningful analysis. 
Surrounding plants experiments 
The objective of surrounding plants experiments was to test the 
hypothesis that the type of plants surrounding collards does not affect 
the average number or variability of selected insect taxa per collard. 
Analysis of average number/plant 
EX2-77. In this experiment three replicates of the following 
four treatments were used: four central collards surrounded by 12 
l) other collards; 2) aldicarb-treated collards; 3) broccoli plants; 
and 4) cherry tomato plants. The aldicarb application rendered the 
treated collards toxic to herbivorous insects for the first 4 weeks 
of the experiment, after which caterpillars began to survive on the 
treated plants, although aphids and thrips did not. The results of 
chemical analyses of aldicarb residues in the treated collards and in 
the central collards from treatment 2 plots are given in Table 10. 
Aldicarb residues appeared only in the treated collards. 
The results of ANOVA and of multiple comparisons of treatment 
means for nine taxa from EX2-77 are shown in Table 11. (For Tables 
11 through 19, detailed ANOVA tables for taxa with significant treatment 
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Table 10. Level of aldicarb residues in collards from treatment 2 
plots at the end of EX2-77. Sensitivity level of 
chemical analysis= 0.02 ppm. 
Average aldicarb residues (ppm} 
Aldicarb-treated Untreated central 
Replicate collards collards 
l 3.8 <0.02 
2 13.0 <0.02 
3 3.8 <0.02 
effects can be found in Appendix B.) Unparasitized £.. rapae eggs 
and specialist herbivores were more abundant on collards surrounded 
by cherry tomatoes than in the other three treatments. Since f_. rapae 
eggs were the most numerous component of the specialist herbivore 
category, the two taxa are not independent and it is to be expected 
that they respond similarly. £.. rapae larvae were more abundant on 
collards surrounded by cherry tomatoes than on those surrounded by other 
collards or by broccoli. 
EX2A79. Five replicates of three treatments were used in this 
experiment: four central collards surrounded by 21: 1) other collards; 
2) aldicarb-treated collards; and 3) cherry tomatoes. Since broccoli 
is closely related to collards and since the untreated collard and the 
broccoli treatments in EX2-77 did not differ, the broccoli treatment 
Table 11. Significance levels for sources of variation from ANOVA 
of selected taxa, EX2-77. 
Si gni fi cance level , p 
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Taxon Treatment Date Date x treatment 
Unparasitized P. rapae a eggs <0.005 <0.001 n. s. 
F. occidental is n.s. <0.001 n.s. 
P. xylostella larvae n. s. <0.001 n. s. 
M. persicae n. s. <0.005 n. s. 
B. brassicae n.s. <0.001 n.s. 
P. rapae larvae b <0.001 <0.05 n. s. 
Generalist herbivores n. s. <0.001 n. s. 
Specialist herbivores C <0.001 <0.025 n. s. 
Predators and parasitoids n. s. <0.001 n. s. 
a 
Treatment 4 > Treatments l, 2 and 3 Q P<0.05; Treatment 4 > Treat -
ment 3@ P<0.01. 
bTreatment 4 > Treatments land 3@ P<O. l; Treatmeht 4 > Treatment l 
@ P<0.05. 
cTreatment 4 > Treatments l, 2 and 3@ P<0.05; Treatment 4 > Treat-
ments l and 2@ P<0.025. 
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was omitted in 1979. The results of chemical analyses of aldicarb 
residues in the aldicarb-treated collards from EX2A79 are summarized 
in Table 12. High aldicarb levels were found, which may account for 
observed phytotoxic effects. The reason these aldicarb levels were 
ineffective in controlling caterpillars in 1979 is unknown. 
Table 12. Level of aldicarb residues from aldicarb-treated collards 
at the end of EX2A79. 
Replicate Average aldicarb residues (ppm) 
10.8 
2 19.0 
3 11. 0 
4 11. 2 
5 24,.0 
Results of AN0VA and multiple comparisons of treatment means for 
selected taxa are given in Table 13. In EX2A79, f_. rapae eggs (both 
parasitized and unparasitized) and the total of all three species, 
all stages, were more ~bundant on collards surrounded by cherry tomatoes 
than in the other two treatments. The total category was composed 
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Table 13. Significance levels for sources of variation from AN0VA 
of selected taxa, EX2A79. 
Significance l eve 1 , p 
Taxon Treatment Date Date x treatment 
Parasitized and unparasitized a 
~- rapae eggs <0.025 <0.001 <0.001 
P. rapae larvae <0.025 b <0.001 <0.001 
P. Xj'.lostella, all stages n.s. <0.001 n.s. 
T. .Qj__, a 11 stages n. s. n. s. n. s. 
A 11 three species, a 11 stages <0.005c <0.001 <0.05 
a Treatment 3 > Treatments 1 and 2@ P<0.l; Treatment 3 > Treatment 
1 @ P<0.01. 
b Treatment 3 > Treatment 1@ P<0.025. 
c Treatment 3 > Treatments 1 and 2@ P<0.05; Treatment 3 > Treatment 
1 @ P<0.01. 
mainly of~- rapae eggs. The total category used in 1979 was similar 
to the specialist herbivore category used in 1977, except that the latter 
included B. brassicae. ~- rapae larvae were more abundant on collards 
surrounded by cherry tomatoes than on those surrounded by other 
collards. Population levels in all treatments increased with date; 
populations of~- rapae eggs and larvae (and the total category) 
increased more rapidly on conards surrounded by tomatoes, producing 
the significant date x treatment interaction (Table 13). 
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EX2B79. There were five replicates of two treatments in this 
experiment: four central collards surrounded by 21: 1) other collards; 
and 2) cherry tomatoes . Because the aldicarb applied to surrounding 
collards in EX2A79 was ineffective in controlling insects and toxic 
to the plants, the aldicarb treatment was omitted in EX2B79. Results 
of ANOVA for selected taxa are given in Table 14. Unparasitized _I:_. 
rapae eggs, _I:_. rapae larvae and the total of all three species, all 
stages, were more abundant on collards surrounded by tomatoes than 
on collards surrounded by other collards. On two sampling dates, 
population levels of unparasitized _I:_. rapae eggs (and the total 
category) reached higher peaks on collards surrounded by tomatoes, 
producing significant date x treatment interactions (Table 14). 
Table 14. Significance level s for sources of variation from ANOVA of 
sele cted t axa , EX2B79. 
Taxon 
Unparasitized £. rapae eggs 
Parasitized £. rapae eggs 
P. rapae larvae 
T. ~. all stages 
All three species, all sta~es 
Treatment 
<0.025 
n.s. 
<0.05 
n. s. 
<0.001 
Significance level, P 
Date Date x treatment 
<0.001 <0.05 
<0.05 n. s. 
<0.001 n.s. 
<0.05 n.s. 
<0.001 <0.05 
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The consistent outcome of the surrounding plant experiments 
was greater abundance of~- rapae egqs and larvae on collards sur-
rounded by cherry tomatoes. This is the reverse of observations in 
previous studies of other crucifer specialists. After this unexpected 
result was obtained in EX2-77, the number of surrounding plants in a 
plot was increased from 12 to 21 and the plants were spaced more 
closely (2 ft (0.61 m) instead of 3 ft (0.91 m) centers) to see if 
the tomatoes would then have a repellent effect, but they did not. 
In related studies, Tahvanainen and Root (1972) found that P. 
cruciferae, a flea beetle specializing on crucifers, was less abundant 
on collards interplanted with tomatoes and tobacco than on collards 
planted with other collards. Olfactometer tests showed that the 
odor of tomatoes repelled~- cruciferae, interfering with their response 
to the mustard oil compounds in crucifers. Burandy and Raros (1975) 
observed fewer~- xylostella adults and eggs on cabbage interplanted 
with tomatoes than on cabba0e planted alone. They also claimed that 
increasing the number of cabbage rows between two tomato rows decreased 
the repellent effect of the tomatoes. Gupta and Thorsteinson (1960a, 
b) and Thorsteinson (1953) reported that oviposition and feeding by 
P. xylostella were stimulated by the mustard oil compounds found in 
crucifers and inhibited by the odor of tomatoes. On the other hand, 
Perrin and Phillips (1978) found no difference in average number of 
~- xylostella eggs laid on Brussels sprouts planted with tomatoes 
and on brussels sprouts planted alone and were unable to show any 
chemical influence of tomatoes on P. xylostella behavior. Interpreting 
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the results of these studies is difficult. In each, the spacing of 
the crucifer host alone differed from the spacing used for the 
crucifer with tomatoes. In Burandy and Raros' (1975) paper, the 
text and tables describing results of varying the number of cabbage 
rows between tomato rows appear to contradict each other. The question 
of tomatoes repelling.!:_. cruciferae or.!:_. xylostella from cultivated 
crucifers is not resolved by these experiments . 
.!:_. rapae are specialists on crucifers, as are P. cruciferae 
and.!:_. xylostella, and would be expected to respond similarly to the 
presence of unrelated hosts such as tomatoes. Lundgren (1975) reviewed 
records of Pieris spp. on cultivated crucifers interplanted with 
tomatoes. Some indicated a repellent effect of tomatoes on.!:_. rapae, 
others no effect. Hhi le testing the effects of a variety of natural 
plant chemicals on oviposition of Pieris spp. on cabbage, Lundgren 
(1975) found that several tomato preparations repelled oviposition by 
Pieris brassicae (L. ), a species closely related to.!:_. rapae. In the 
only experiment Lundgren reported using.!:_. rapae, a~ ether extract of 
tomato had little repellent effect. Latheef and Irwin (1979) planted 
a variety of herbs around cabbage plots, but found no repellent effect 
on.!:_. rapae • .!:_. xylostella, or I- !0_. Ives (1978) reported that 
although Australian.!:_. rapae showed preferences for certain species and 
varieties of cultivated crucifers, expression of these preferences did 
not depend on the mixture of species and varieties available in a 
host patch. Traynier (1979) found no evidence that host plant odor 
influenced the orientation of.!:_. rapae adults to host plants. Hovanitz 
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and Chang (1964) reported that adult£_ . rapae females oviposited on 
artificial media with no mustard oil extract added, although there 
was mustard oil extract nearby . These studies suggest that sur-
rounding plant type may have little influence on the population 
dynamics of£_. rapae. 
The results of the present study indicate a strong influence of 
surrounding plant type on f_. rapae opposite to that expected. One 
reason for the greater abundance of£_. rapae eggs and larvae on col-
lards surrounded by tomatoes may be that these pl ants appear more 
isolated than collards surrounded by other collards or by a related 
host such as broccoli. Previous studies have shown that P. rapae 
oviposits more heavily on isolated host plants than on those in larger 
patches (Cromartie 1975a). A number of butterfly species prefer to 
oviposit on isolated host plants; this behavior may help avoid predators 
or parasitoids that respond to host plants as well as to host insects 
(L. E. Gi lbert, pers onal communication; Gi lbert and Smiley 1978). 
fl. glomeratus, the major larval parasitoid off_. rapae, is attracte d 
to f. rapae's host plants (Kitano 1978 , Sato 1979). Oviposition on 
isolated plants may, therefore, decrease parasitoid attacks, but 
further studies on host finding and oviposition by both f_. rapae 
and fl. glomeratus are needed to evaluate this possibility. 
The treatment in which surrounding collards were made toxic to 
insects with aldicarb was meant to simulate the presence of "decoy 
plants" (Atsatt and O'Dowd 1976), lethal plants with the same attractive 
chemistry as the proper host plant. Atsatt and O'Dowd (1976) suggested 
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that the presence of decoy plants interplanted with appropriate host 
plants would increase insect mortality because insects would "mis-
takenly" lay eggs on lethal plants. The impact of decoy plants on 
insect populations on the appropriate host plant is probably governed 
by relative frequencies and relative toxicities of the decoy plant 
and host, as in other mimicry systems. It is possible that the presence 
of decoy plants could increase attacks on susceptible hosts by 
attracting more insects into the plot. 
In the present study, collards surrounded by aldicarb-treated 
collards had the same average number of~- rapae eggs as collards 
surrounded by other collards or by broccoli, but fewer than those sur-
rounded by tomatoes (Tables 11 and 13). This result is to be expected 
if the attractant chemistry of collards is unaffected by aldicarb, 
as suggested by studies on other chemical pesticides and fertilizers 
(Macleod and Nussbaum 1977). The number of~- rapae larvae on collards 
surrounded by ald icar b- treated collards was not si gnificantly dif-
ferent from the number on collards surrounded by tomatoes or by other 
collards or broccoli (Tables 11 and 13). Treatment effects were less 
pronounced for larvae than for eggs (Tables 11 and 14), which is con-
sistent with Harcourt's (1961a) observation that the distribution of 
cabbageworm larvae is more random than the distribution of eggs due 
to density-dependent mortality and dispersion of larvae. 
Analysis of proportion parasitized 
ANOVA were made of the proportion of parasitized individuals 
from the seventh sample of EX2-77 for the taxa listed in Table 7. No 
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significant treatment effects were detected. For EX2A79, ANOVA were 
made of the proportion of parasitized individuals for the taxa listed 
in Table 8. Only f. xylostella larvae showed significant (P<0.01) 
treatment effects. A greater proportion of larvae on collards sur-
rounded by tomatoes were parasitized than larvae on collards sur-
rounded by other collards. (Collards surrounded by aldicarb-treated 
collards had only unparasitized larvae and were, therefore, not 
included in the test.) For EX2B79, ANOVA of proportion parasitized 
were made for the taxa in Table 9. No treatment effects were detected. 
That only one treatment difference in proportion parasitized was 
found for any taxon in any surrounding plant experiment is not sur-
prising. Some parasitoids respond to both host insects and to host 
plants utilized by the host insect. Others respond only to the host 
insect. For example, Q_. rapae, which parasitizes ~- brassicae and 
other aphids feeding on crucifers, is attracted by collard leaf odor; 
its hyperparasitoid, Alloxysta brassicae (Ashmead) is not (Read et al. 
1970). The effect of surrounding plant type on a parasitoid may 
thus be a compound effect of plant and host insect pattern. The 
combined effects of host plant and host insect pattern on proportion 
parasitized may result in no detectable treatment differences. 
Lack of detectable treatment effects is even more understandable 
because of the variability of relationships between host insect density 
and parasitism. For example, Harcourt (1960) found that the proportion 
off. xylostella larvae and pupae parasitized decreased as population 
density increased. Oatman and Platner (1969), on the other hand, 
reported that proportion parasitized followed host population dynamics 
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closely. Richards (1940) observed a higher proportion of parasitized 
f. rapae larvae at higher host densities; Oatman and Platner (1969) 
reported the opposite. These studies, conducted in different geo-
graphic areas, stress the difficulty of interpreting responses to 
plant pattern in the absence of parasitism studies under the same 
conditions. 
Treatment differences in proportion parasitized are also difficult 
to detect because average proportion parasitized was generally low, 
but highly variable. For groups such as f. xylostella larvae and 
pupae, all or none of the individuals on a given plant were parasitized. 
High plant-to-plant variability makes detection of treatment differences 
difficult. 
Analysis of variances due to date 
and replication, EX2A79 
The objective of this analysis was to test the hypothesis that 
components of variance due to date and replication for selected taxa 
are the same for collards surrounded by other collards 9 by aldicarb 
treated collards, and by cherry tomatoes. Results of Fmax and Bartlett's 
tests for treatment differences in variances are presented in Table 15. 
No significant treatment differences in variance due to date or 
replication were found . 
The analysis of treatment differences in variance due to date and 
replication was intended to evaluate differences in insect population 
stability, as measured by variability in population levels, among dif-
ferent surrounding plant types. According to the definition of stability 
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Table 15. Significance levels of treatment differences in variance 
due to date and replication for selected taxa, EX2A79. 
Significance level, Pa 
Taxon Replicate Date 
Parasitized and unparasitized 
f_. rapae eggs 
P. rapae larvae 
P. xylostella, all stages 
T. !!.i_, all stages 
All three species, all stages 
n. s. 
b 
n.s. 
b 
n. s. 
n. s. 
n.s. 
b 
n. s. 
b 
n. s. 
b 
n. s. 
n. s . 
n. s. 
b 
n. s. 
b 
n.s. 
b 
C 
a Two significance levels given for each source; first is for Fmax 
test, second is for Bartlett's x2 test. For F-max test, P>0.05 
is not significant, for Bartlett's test, P>O.l is not significant. 
b Bartlett's test not done. 
c Treatment l vs. Treatment 3 only; negative variance estimate for 
Treatment 2. 
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used here, treatments with higher variances due to date and/or repli-
cation have less stable insect populations. No differences were 
detected. Although perhaps disappointing from the standpoint of 
measuring stability as a function of plant spatial pattern, this 
result bolsters the credibility of tne ANOVA, since it supports the 
assumption of homogeneous variances. 
Patch size experiments 
Analysis of average number per µlant 
EXl-77. The objective of this experiment was to test the hypo-
thesis that the patch size in which a given number of collards are 
distributed does not affect the average number of selected taxa per 
plant. Three replicates of three treatments were used: 1) l patch 
of 64 collards; 2) 4 patches of 16 collards each; and 3) 16 patches 
of 4 collards each. The results of ANOVA and multiple comparisons of 
treatment means for selected taxa are shown in Table 16. The null 
hypothesis was rejected only for unparasitized f_. ,rapae eggs, which 
were significantly more abundant on collards arranged in 16 4-plant 
patches than on collards in a single 64-plant patch. 
EX1A79 and EX1B79. Arranging the same number of plants in dif-
ferent-sized patches within a small area may have been too subtle an 
environmental pattern to produce detectable insect responses. In 
the 1979 experiments, the treatments were modified to one small or 
large patch in each experimental plot. The objective of these experi-
ments was to test the hypothesis that collard patches of different 
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Table 16. Significance levels for sources of variation from ANOVA 
of selected taxa, EXl-77. 
Taxon 
Unparasitized P. rapae eggs 
F. occidentalis 
M. persicae 
B. brassicae 
P. rapae larvae 
Generalist herbivores 
Specialist herbivores 
Predators and parasitoids 
a Treatment 3 > Treatment 1. 
Treatment 
<0.05a 
n. s. 
n. s. 
n. s. 
n. s. 
n. s. 
n. s. 
n. s. 
Significance level, p 
Date Date X treatment 
<0.001 <O. 001 
<0.001 n.s. 
<0.001 n.s. 
<O. 001 n.s. 
<0. 001 n.s. 
<0.001 n. s. 
<0.001 n.s. 
<0.001 n. s. 
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sizes have the same average number of insects of selected taxa per 
plant. In EX1A79, five replicates and, in EX1B79, six replicates 
of two treatments were used: l) a square patch of 9 collards, and 
2) a square patch of 81 collards. Results of ANOVA of selected 
taxa are given in Table 17 for EX1A79 and in Table 18 for EX1B79. 
In EX1A79, f_. rapae eggs (both parasitized and unparasitized), f... 
rapae larvae, and the total of all three species, all life stages, 
were more abundant in small patches. Similarly in EX1B79, unparasitized 
f... rapae eggs, f_. rapae 1 arvae, and a 11 three species, a 11 stages, were 
more abundant in small patches. It is more likely than not that 
responses of eggs and larvae of the same species will be similar and, 
since the total category was composed mainly off... rapae eggs and 
larvae, it too, follows the same pattern. In EX1A79, there were few 
parasitized f... rapae eggs and their response was not perceptibly 
different from the unparasitized eggs. In EX1B79, when a larger 
proportion off_. rapae eggs were parasitized, unparasitized f_. rapae 
eggs showed significant treatment effects, but parasitized eggs did 
not. In EX1B79, f_. xylostella was more abundant in large patches. 
In EX1A79, f_. rapae eggs and larvae (and the total category) increased 
more rapidly on collards in small patches. producing significant date 
x treatment interactions (see Figure 8a). In EX1B79, unparasitized 
f_. rapae eggs reached higher peaks on collards in small patches (see 
Figure 8b); f_. rapae larvae in large patches increased on two dates 
when those in small patches decreased. These patterns produced sig-
nificant date x treatment interactions (Tables 17 and 18). 
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Table 17. Significance levels for sources of variation from AN0VA of 
selected taxa, EX1A79. 
Significance level , p 
Taxon Treatment Date Date x treatment 
Parasitized and unparasitized 
~- rapae eggs <0.001 <0.001 <0.01 
f. rapae larvae <0.10 <0.001 <0.005 
P. xylostella larvae and 
unparasitized pupae n.s. <0.001 n. s. 
Parasitized P. x,zlostel la 
pupae n.s. <0.001 n. s. 
All three species, all stages <0.005 <0. 001 <0.05 
Table 18. Significance levels for sources of variation from AN0VA of 
selected taxa, EX1B79. 
Significance level , p 
Taxon Treatment Date Date x treatment 
Unparasitized f. rapae eggs <0.001 <0.001 <0. 01 
Parasitized f . rapae eggs n.s. <0,001 n. s. 
P. rapae larvae <0.025 <0.001 <0.005 
T. ni larvae n. s. n. s. n.s. 
P. X.z'.lostella, all stages <0.05 <0.025 n. s. 
All three species, all stages <0" 001 <0.001 n.s. 
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The observation that _I:_. rapae eggs and larvae are more abundant 
on plants in small than in large patches is consistent with previous 
studies. Harcourt (1963) r.eported that _I:_. rapae females laid more 
eggs on plants near the border of a crop than on those in the center; 
in the present study, _I:_. rapae was more abundant on collards on the 
edge of a patch. Since small patches have relatively more plants on 
the edge of the patch, eggs tend to concentrate in smaller patches. 
Root (1973) planted collards in single rows bordered by weeds and 
in larger patches. On 88% of sampling dates, _I:_. rapae was more 
abundant on row plants than on patch plants. The fact that Root did 
not sample plants on or near the edges of his patches would exaggerate 
the difference between row and patch plants. Cromartie (1975a) found 
an inverse relationship between collard patch size (l, 10 or 100 
plants) and the number of _I:_. rapae eggs per plant. 
Neither the present study nor previous studies were designed to 
determine which aspects of insect behavior are responsible for patch 
size effects, but some possibilities can be discussed. Harcourt 
(1962, 1963) and others have noted that _I:_. rapae females intersperse 
egg-laying and feeding on the blossoms of weeds. They suggested 
that this behavior causes P. rapae to lay more eggs on edge plants, 
which are closer to blossoms used as food. Jones (1977a), however, 
observed _I:_. rapae oviposition behavior in Australia and Canada and 
found that egg-laying and feeding were segregated in time. She 
suggested that if ovipositing _I:_. rapae females perceive host plant 
patches by detecting their edges, they will visit isolated host 
plants or plants on the edge of a patch more often than those in 
the center, thus concentrating eggs in smaller patches. 
Reasons that£_. xylostella was more abundant in larger patches 
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in one of the patch size experiments are unclear. Harcourt (1961b) 
found no difference in abundance of diamondback moth eggs on edge plants 
and on plants in the center of a crop, so no differences in abundance 
between small and large patches would be expected from that source. 
Root (1975) and others have suggested that large patches of host plants 
may provide more resources for developing larvae or more visual and 
olfactory cues for searching adults, preferentially attracting special-
ist insects to larger patches of host plants. 
In order to determine what behavior is responsible for the 
treatment effects found in these experiments, detailed observations 
of oviposition, flight, and feeding behavior of£_. rapae and£_. 
xylostella must be made. Jones (1977a), Ives (1978), and Jones and 
Ives (1979) observed movement patterns, host selection and oviposition 
by f_. rapae in Australia and in British Columbia. -They found marked 
behavioral differences in the two areas that caused different responses 
to host plant pattern and different spatial distributions of eggs and 
larvae. If this type of geographic variation in behavior is typical, 
it may be inappropriate to interpret insect population responses to 
plant pattern in one geographic area using behavioral data from another. 
Behavioral studies may have to be done in the same geographic area and 
under the same ecological conditio'ns as plant pattern experiments 
to provide a meaningful interpretation of experimental results. 
Analysis of proportion parasitized 
85 
For sampling dates 9 (2 Aug) and 10 (9 Aug) of EXl-77, ANOVA were 
made on the proportion of parasitized individuals for the taxa listed 
in Table 5. No significant treatment effects were found. For EX1A79 
and EX1B79, ANOVA of proportion parasitized were made for the tax~ 
in Table 6. Again no significant treatment effects were found. The 
absence of detectable treatment differences in proportion parasitized 
is not surprising for reasons already presented in connection with 
the surrounding plant experiments. 
Analysis of variances due to date 
and replication, EX1A79 
The objective of this analysis of EX1A79 was to test the 
hypothesis that the variances of selected taxa due to date and rep-
lication are the same for collard patches of different sizes. The 
results of F-tests for treatment differences in variances due to 
date and replication are given in Table 19. The only consistent dif-
ference between treatments was for parasitized f_. xylostella pupae. 
For both replication and date, small patches had significantly higher 
variability than large patches. This result is difficult to inter-
pret for reasons discussed in connection with the analyses of proportion 
parasitized in the surrounding plant experiments. In general, the 
conclusions to be drawn from this analysis of the patch size experiments 
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Table 19. Significance levels of treatment differences in variance 
due to date and replication for selected taxa, EX1A79. 
Significance level, Pa 
Taxon Replicate Date 
Parasitized and unparasitized 
P. rapae eggs 
P. rapae larvae 
P. xylostella larvae and 
unparasitized pupae 
Parasitized P. xylostella 
pupae 
T. !!.i_, all stages 
All three species, all stages 
b 
b 
n.s. 
n. s. 
n.s. 
b 
<0.02 
<0.05 
n.s. 
n.s. 
<0. l 
n.s. 
n. s. 
n. s. 
n. s. 
n. s. 
n. s. 
n. s. 
<0.01 
<O. l 
<0. l 
n. s . 
n. s . 
n. s. 
a Two significance levels are given because two estimates of the 
treatment 2 variance were made, one from each of two random 
samples from the whole data set . 
b No test made because of negative variance estimate. 
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are the same as those for the surrounding plant experiments: No 
treatment differences in stability could be detected, and the assumption 
of homogeneous variances for the analysis of treatment means was 
met. 
Summary and Conclusions 
Field experiments using collards and the insect fauna of crucifers 
were conducted to test effects of two aspects of plant spatial pattern 
on insect population levels and variability. In experiments on sur-
rounding plant type, the main host, collards, was surrounded by 
l) other collards; 2) aldicarb-treated collards, lethal to insects; 
3) broccoli, a closely related host plant; and 4) tomatoes, an 
unrelated and, perhaps, repellent host. In experiments on host plant 
patch size, collards were arranged in different-sized square patches 
in a background of weeds. 
The common taxa and host-parasitoid relationships were similar 
to those reported from studies on arthropod communjties of cultivated 
crucifers elsewhere in North America. In the surrounding plant experi-
ments, more f. rapae eggs and larvae were found on collards surrounded 
by tomatoes than in the other treatments. This result was unexpected 
since previous studies suggested that tomatoes repelled insect 
herbivores specializing on crucifers. The greater abundance of P. 
rapae on collards surrounded by tomatoes may reflect a preference of 
ovipositing females for isolated host plants, which has been proposed 
as a mechanism for avoiding predators and parasitoids. In the patch 
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size experiments, more!:._. rapae eggs and larvae were found on collards 
in smaller patches. This result was consistent with previous obser-
vations of more!:._. rapae eggs on isolated host plants, on plants near 
the edge of a patch, and on plants in smaller patches. This distri-
bution may reflect a preference for isolated or edge plants by ovi-
positing females, and it may result from the interaction of the flight 
and host finding behavior of ovipositing females with plant pattern. 
!:._. xylostella was more abundant in large collard patches, perhaps 
because larger patches provide more resources for developing larvae 
or more attractive cues to searching adults. Analyses of variance 
components for the surrounding plant and patch size experiments showed 
no treatment differences in population stability, as defined by var-
. t" \ . l . l l 
,a 10n ,n popu at,on eves. 
These experiments show that it is possible to detect responses to 
plant spatial pattern by some specialist insects in short-term, 
small-scale field experiments. Since the plot sizes used in the experi-
ments were far less than distances easily traveled by the insects, their 
responses to plant pattern must reflect details of their flight, host 
selection and oviposition behavior, rather than overall mobility. 
The imported cabbageworm exhibits marked geographic variation in these 
aspects of its behavior, suggesting that it may be a prohibitively 
large task to accumulate the behavioral information needed to inter-
pret results of plant pattern experiments. It is some consolation that, 
in the present study, the results of three sets of experiments on each 
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of the two aspects of plant pattern were consistent, despite variations 
in experimental design, horticultural methods, weather, other insect 
populations, and season. 
CHAPTER I II 
MODELS 
Introduction and Literature Review 
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The models served two purposes. 1) They provided a theoretical 
framework for investigating how plant spatial pattern and insect 
)ehavior interact to influence insect population levels and stability. 
~) They provided a means of predicting expected differences in insect 
)Opulation levels and stability for different plant patterns. This 
section outlines features of plant pattern and insect behavior con-
sidered in the models, measures of roodel performance, and methods of 
representing spatial patterns. The modeling approach used in the 
rresent study is discussed in relation to previous models of sratial 
rattern and in relation to the field experiments described in Chapter 
JI . 
Flant spatial pattern 
The features of plant spatial pattern emphasized in the models 
112re number, size, and distribution of habitat patches . Patches were 
cJmposed of either host or nonhost plants. Choice of these features 
of plant pattern was guided by 1) the use of number and size of 
c)llard patches as treatments in field experiments; 2) the importance 
of host plant patch size as a variable in agricultural land use; 3) the 
r~lative ease of representing host plant patches in simulation models; 
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and 4) the lack of detailed consideration of patch size and distri-
bution in previous models of spatial heterogeneity. 
Previous models of spatial pattern have incorporated both con-
tinuous (e.g., Comins and Blatt 1974) and discrete (e.g., Zeigler 
1977) variation in the environment. Continuous variation may rep-
resent an environmental gradient, such as elevation. Discrete 
variation may represent patchily distributed prey (e.g., Murdoch and 
Oaten 1975) or hosts (e.g., Waage 1979), disjunct habitat patches 
(e.g., Hastings 1977), or prey refuges (e.g., Murdoch and Oaten 1975). 
Several studies have examined the effects of varying the number of 
discrete habitat patches (Caswell 1978, Roff 1974b, den Boer 1968) 
or distances among patches (Levins 1969). Trenbath (1977) modeled 
intercropping patterns, where more than one species, variety, or geno-
type was grown in a mixed stand. O'Dowd and Williamson (1979) modeled 
plant defense guilds, associations of related and unrelated plants. 
Previous studies have not addresse d effe cts of host plant patch size 
on insect populations. 
Insect behavior 
The models in the present study simulated the population dynamics 
of one herbivorous insect taxon in an environment of a few acres or 
less over a time period of less than one growing season. This choice 
of organizational, spatial, and temporal scale reflected the size, 
duration, and sampling methods of the field experiments. Aspects of 
insect behavior represented in the model were chosen with the same 
scale in mind. They included: l) migration rates, as functions of 
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time and distance; 2) preference for host and nonhost plants; 
3) response to the size of plant patches; 4) the dynamics of "source" 
populations in vegetation surrounding host plant patches; and 5) the 
dynamics of insect populations in host patches. The models concen-
trated on differences in population behavior between "specialist" 
and "generalist" herbivores, where specialists and generalists were 
defined by behavioral attributes such as host preference or response 
to host patch size. 
Most previous models of effects of spatial pattern on population 
dynamics were more general in their descriptions of insect behavior, 
and less definite about the temporal and spatial scale being addressed. 
Many of the models considered the population behavior of single species 
as influenced by migration (e.g., Levins 1969), including density-depen-
dent migration (Reddingius and den Boer 1970, Roff 1974a, b) and 
movement toward more favorable habitats (Comins and Blatt 1974). 
Some multi-species models included competition and co-existence 
among several species (e.g., Horn and MacArthur 1~72, Skellam 1951). 
The majority of multi-species models considered effects of predator-
prey (e.g., Hastings 1978) or host-parasite (e.g., Hassell and May 
1973) behavior in a heterogeneous environment. Behavioral attributes 
incorporated in the models included: 1) aggregation of predators 
near prey (Hassell and May 1973, 1974); 2) predator switching or 
predator functional response (Murdoch 1975, 1977; Tullock 1970); 
3) relative migration rates of predator and prey (Hastings 1977, 
Hilborn 1975); and 4) transit time of predators between prey patches 
(Oaten 1977, Murdoch 1977). 
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Models described by Jones (1977a, b) were more specific and 
concerned shorter time and smaller spatial scales than the models 
used in the present study. Jones modeled the host finding and ovi-
position behavior of£.. rapae females (Jones 1977a) and the host 
selection and feeding behavior of£.. rapae larvae (Jones 1977b). 
The models described movements of individual butterflies and larvae 
over a few minutes and a few meters or centimeters, in response to 
individual plants in the environment. 
The models used in the present study were intermediate between 
the single-species or predatory-prey models and Jones' models in their 
representation of plant pattern and insect behavior. The models in 
this study represented the average behavior of a specialist or general-
ist herbivore over a time period of about l day and over distances of 
several meters or more. 
Measures of model behavior 
Two attributes of the modeled insect population, its mean density 
and variability of density over a model run, were chosen to measure 
model behavior. Variability of density was represented by the co-
efficient of variation or variance. Variability is one measure of 
population stabilit}, in the sense of fluctuations in population levels. 
Populations with a narrower range of fluctuations are more stable 
than those that fluctuate more widely. Variance or coefficient of 
variation can be calculated easily from field observations made within 
a single growing season, facilitating comparison of model and field 
populations. 
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Many mathematical definitions of stability that have been applied 
to models cannot be applied to field observations because they require 
too many years of observation or infeasible manipulations of the 
field system. Among these are time to extinction (e.g., Roff 1974a); 
ability to absorb disturbance or return to equilibrium (Murdoch 1975, 
Beddington et al. 1976); amplitude of limit cycles (Comins and Blatt 
1974); and local and global stability (Beddington et al. 1976). Some 
measures of stability that can be used for field as well as model 
results are restricted fluctuazions (van Emden and Williams 1974, 
Reddingius and den Boer 1970); time required for a population to pass 
specified high or low levels (Reddingius and den Boer 1970); and the 
coefficient of variation or variance of log density (Murdoch 1975). 
As Murdoch (1975) pointed out, the stability of different models or of 
models and field populations cannot be compared when different measures 
of stability are used. In a study where models and field experiments 
are compared, the st11,12 stability measure must be ctpplied to both. 
Representation of spatial pattern 
In this study plant spatial pattern was first represented as 
a "checkerboard" of grid cells occupied by host or nonhost plants. 
Insects moved among the cells according to rules describing host 
preference and mobility. These models were subjected to both simulation 
and matrix analysis. Similar roodels have been used to study predator-
prey (Maynard Smith 1974:69-84, Caswell 1978, Zeigler 1977); host-
parasite (Allen 1975), and disease-host (Hoppensteadt 1978) dynamics. 
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The models are difficult to analyze, but simple examples have been 
approximated using diffusion equations and then analyzed (Hoppensteadt 
1976). Some diffusion models of spatially distributed populations 
were presented by Mimura and Murray (1978), Comins and Blatt (1974), 
Cohen et al. (1979), · and others. 
In this study spatial pattern was also modeled as a collection of 
discrete habitat patches, each with a subpopulation of insects that 
moved among the patches. In these models, spatial pattern was rep-
resented indirectly through parameters describing host type, size, 
and distances among habitat patches. These models were studied by 
simulation. Similar models have been used for single species 
(e.g., den Boer 1968), predator-prey (e.g., Murdoch 1975), and multi-
species (e.g., Skellam 1951) systems. The few published cases where 
the environmental patterns and insect behavior studied were similar 
to those in the present study are described in the Discussion section. 
Relationship between models and 
field experiments 
The models in the present study were not designed to duplicate 
the behavior of field insect populations. They provided qualitative 
representations of insect herbivore-plant systems. Parameters of the 
model, such as insect migration rates and the dimensions of host patches , 
were defined in terms of an arbitrary unit distance. 
On the other hand, the selection of host plant patch size and 
number for study in the models was motivated by field experiments on 
that aspect of plant pattern. The model parameters describing insect 
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behavior were formulated so that they could be estimated for field 
populations, although this was not done during the present study. 
The measures of stability used to evaluate model behavior were chosen 
for compatibility with stability measures from field observations. 
The magnitudes of model parameters were chosen so that insect 
population densities in modeled host patches would have roughly the 
same range (10-200) as the number per plant of common taxa (e.g., 
.!:_. rapae, ~- brassicae) in the field experiments. The most 
important relationship between the models and field experiments 
was the integration of model predictions with variability estimates 
from the field experiments, described in Chapter IV. 
Checkerboard Models 
The checkerboard models, where envi r onmental patterns were rep-
resented by a grid of host and nonhost cells, were developed first 
because they could represent any plant distribut i on or insect migration 
pattern in an intuitively understandable way. Exa~ination of the 
checkerboard models by simulation and matri x analysis showed that 
results from the models were often biased by technical problems with 
boundaries of the modeled environment and with choice of grid size 
which could not readily be solved. Previously published models using 
similar methods of representing spatial pattern had similar problems. 
Because of the technical difficulties with the checkerboard models, 
the second method of representing spatial pattern, as subpopulations, 
used in the remainder of the study. Appendix C contains a description 
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of methods and results of the checkerboard models, a discussion of 
sources of bias and a comparison with previously published models. 
Subpopulation Models 
Methods 
In the subpopulation models (Table 20), the modeled environment 
comprised one or more habitat patches (e.g., Figure 9). Plant pattern 
was specified by the number, area, linear dimensions, and host type 
(i.e., host or nonhost plants) of the patches and by their separ-
ation in space. 
The habitat patches were square, as were the patches in the field 
experiments; In an environmental pattern with several host patches, 
all host patches were the same size . Since the models represented the 
average behavior of an insect population , not individual behavior, the 
population in a habitat patch was considered to be at the center of 
t he patch. Thus th e separation between patches i and j was d . . , the lJ 
distance between their centers (e.g., d1,3 in Figure 9). In Models 
II through VI, the separation between nonhost background vegetation and 
host patch i was dsi' the average distance from the background vege-
tation at the edge of patch i to the center of patch i (e.g., d 2 s, 
in Figure 9). The measure of separation from background to the center 
of a host patch is unimportant. The minimum, maximum, or other 
distance measures linearly related to the length of a patch would 
produce the same results as average distance. Definitions and units 
for symbols used in the text, figures, and appendices appear in 
Appendix D, Table 28. 
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Table 20. Summary of subpopulation models. 
- - -- - -- ------- ------ - --- - - ------ - -----
Model 
b 
d 
e 
f 
II 
III 
b 
IV a 
b 
C 
d 
e 
V a 
b 
C 
d 
e 
Environmental Pattern Factors Modifying 
Basic Migration 
Rat~ 
1-10 host patche s; 
1-10 nonhost patche s 
1 large nonhost 
patch ; 1,4, or 16 
host patches 
infinite nonhost 
source; 1,4 or 16 
host patches 
infinite nonhost 
source; 1 hos t 
patch 
same as IV 
preference for ter-
minatin q patch type 
preference for 
terminatinq patch 
type relative to 
originating patch 
type 
inverse of distance 
between patch 
centers 
inverse of area 
of originating 
patch 
area of terminating 
patch 
both b and c 
host preference 
and inverse of 
distances among 
patches 
same as II 
preference for 
larger host patch 
areas for special-
ists; no patch size 
preference for gen-
eralists · 
sames as II 
Population 
Gro1·1th in 
Nm host 
Source 
none 
none 
none 
exponential 
none 
exponential 
logistic 
exponential 
logistic 
none 
exponential 
logistic 
exponential 
logisti c 
Population Growth 
in Host Patch 
none 
none 
none 
none 
none 
none 
none 
exponential 
logistic 
none 
none 
none 
exponential 
l ogistic 
Output Indices 
patch population 
densities at equilibrium 
host patch population 
density at ts 
1) average host patch 
population density 
through t = 50; x50 
2) coefficient of variation 
of host patch population 
density through t = 50, cv50 
same as I I I 
same as III 
Table 20. Continued. 
Model 
VI a 
b 
d 
Environmental Pattern 
same as Ill 
infinit e nonhost 
source; 4 hos~ 
patches 
Factors Modifyinq 
Basic Migration 
Rate 
same as I I 
Population 
Growth in 
Nonhost 
Source 
none 
99 
Population Growth 
in Host Patch 
Output Indices 
stochastic same as III 
variation about mecn 
host patch growth 
rates of zero 
stochastic variation 
about mean host patch 
growth rat.es 
permanently chosen 
from normal distri-
bution with zero mean 
sames as b, but mean 
host patch growth 
rates chosen for each 
mode 1 run 
same as c , but no 
stochastic variation 
about host patch 
growth rates. 
l 00 
Figure 9. Environmental pattern for Models III and VI, 4 square 
host patches. dsi = distance from nonhost source to 
patch i; dij = separation between patch i and patch j; 
Xi= population density in patch i. 
l 01 
All the models simulated density (number/distance 2) of insects 
in each patch as influenced by migration and population growth during 
a model run (i.e., x. twas the population density in patch i at , . 
time t). The rate of movement among host patches, and between the non-
host background and host patches, was described by a "basic migration 
rate" (mg), the fraction of insects in a patch that move a unit dis-
tance in unit time (l day). Factors such as host preference, response 
to linear dimensions of patches and response to area of patches 
modified mg. Preference for host plants relative to nonhosts (r 0, 1 
or ph) was defined as the ratio of the migration rate of insects 
moving from nonhosts to hosts to mg. Similarly, preference for non-
hosts (r 1, 0 or pnh) was the ratio of the migration rate of insects 
moving from hosts to nonhosts to mg. The ratio of the rate of movement 
between two nonhost patches to mg was r0,0 ; the ratio of the rate of 
movement between two host patches to mg was r 1 ,l or phh. Specialist 
insects had higher pr eference for host plants than for nonhosts; gen-
eralists had equal preference for hosts and nonhosts. 
Table 20 summarizes the 1) environmental pattern; 2) factors 
multiplying mg; 3) growth function of the source population in the 
nonhost background; 4) growth function of insect populations in host 
patches; and 5) model output indices, for Models I through VI. 
The model equations summarized verbally in Table 20 are listed in 
Appendix D, Table 29. A growth function of "none" for the nonhost source 
population indicates that the source population density remained at 
the same level throughout a model run. A growth function of "none" 
l 02 
for the host patch population indicates that its density was influenced 
only by migration among the host patches and background, not by 
reproduction or mortality within the patch. 
The index of model behavior for Model I was population density 
in each patch at equilibrium. The output index for Model II was 
average host patch population density at ts, a time where model runs 
differing only in dsi and mg reach the same percentage of equilibrium 
population density: 
d . 
Sl 
mg 
Output indices for Models III throu gh VI included : 1) average host 
patch population dens ity at t = 20 and t = 50 days, x20 and x50, where 
n 
Xt = l: X. t 
n i =l 1 ' 
where n = number of host patches; 2) the mean of ~ost patch population 
densities computed at t = 20 and t = 50, x20 and x50' where 
T 
xT = _Tl l: xt; 
t=l 
and 3) the coefficients of variation of host patch population densities 
computed at t = 20 and t = 50, cv20 and cv 50, where 
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These indices were computed at two times during a model run (t = 20 and 
t = 50) so that at least one would fall in the region of transient, 
rather than equilibrium, behavior. Model output is discussed in terms 
of x50 and cv50. 
One purpose of the models was to determine expected differences 
in output indices for different parameter sets. These differences 
were expressed as 1) the absolute difference in mean densities at 
t = 50 for two parameter sets P and Po: lx5o(P) - X5o(Po)I; and 2) the 
ratio of variances at t = 50: v50(P);v 50(P0) or v50(P0);v 50(P), 
where the larger variance is the numerator and v50 = (cv50)(x 50). 
These formulations were chosen so that they could be combined with 
field variability estimates as described in Chapter IV. 
Models I through V were deterministic. Host patches in a modeled 
environment were described by the same parameters and exhibited iden-
tical population dynamics. Model VI incorporated stochastic variation 
in parameters describing growth dynamics of host µatch populations. 
The methods of introducing stochastic variation usea are described in 
Table 20 and Appendix D. Fisher's two-sample randomization test of 
location, a nonparametric test for the difference between two sample 
means (Green 1977), was used to test for significant differences between 
output values (such as cv20) for different sets of stochastic model 
runs. 
As in the checkerboard models, the parameters for the subpopulation 
models were defined relative to an arbitrary time and distance scale. 
The parameter values were chosen so that 1) the length of a model run 
in arbitrary time units (days) approximated the length of the field 
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experiments (about 50 days); 2) during a model run, the host patch 
population density was mainly in the transient, rather than equilibrium, 
phase of its dynamics; and 3) the modeled host patch population 
density was in the same range (10-200) as the number per plant of 
common species in the field experiments . 
Results 
The first topic in this section covers model response to hypothe-
sized interactions between insect behavior and plant pattern in terms 
of equilibrium population densities; the second covers the dynamics of 
insect population densities in the habitat patches. The third topic 
concerns differences in model response, measured by patch population 
densities and variability, as functions of differences in plant 
pattern measured by patch area (A) or dsi· 
Equilibrium behavior 
The approach to equilibrium population dens ities in host and non-
host patches for Model If is shown in Figure 10. In all of the models 
except IIIb, IVb, IVd, Vb, and Vd, where the nonhost population 
density increased exponentially, modeled populations approached equili-
brium densities. Model responses to changes in parameter values and 
comparisons of output indices for different model runs were often 
strongly influenced by equilibrium levels and by the rate at which 
these levels were approached. Choosing two points during a model run 
(t = 20 and t = 50) to evaluate model behavior was important because 
comparisons of equilibrium behavior only could mask differences in 
transient dynamics between two model runs. 
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Models Ia through If were used to determine effects of different 
migration functions and parameter values on equilibrium population den-
sities in host and in nonhost patches. 1) For Model Ia, with migration 
rate proportional to preference for the destination host patch type, 
the equilibrium ratio of host patch population density to nonhost patch 
population density was the ratio of preference for host patches to 
preference for nonhost patches. 2) For Model lb, where migration was 
proportional to preference for the destination host type relative to 
preference for the originating type, the equilibrium ratio of host patch 
population density to nonhost patch population density was r0 ,1;r 1,0. 
The relative migration rates between two patches of the same host type 
did not influence equilibrium population densities. 3) For Model le, 
where migration was inversely related to d . . , d .. did not influence lJ lJ 
equilibrium population densities. Smaller dij did increase the rate 
at which the equilibrium was approached . 4) For Model Id, where 
migration was invers ely related to the area of the originating patch, 
and for Model le, where migration was directly related to the area 
of the destination patch, the ratio of equilibrium population densities 
for two patches was simply the ratio of their areas . 5) For Model If, 
which combined the migration functions of lb and le, the equilibrium 
population densities were influenced only by r 0, 1 and r 1,0 as in Model 
lb, not by r 0, 0 or r 1, 1 or by dij· Models II, III, V, and VI, which 
use the same migration function as If, exhibit the same relationships 
among parameter values and equilibrium population densities. 
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Transient behavior 
The effects of various model parameters on transient behavior, 
as measured by the output indices listed in Table 20, were investigated 
using Models II through VI. 
Time step. Varying the time step from 0.5 to 2 days had little 
effect on model output. 
Ratio of dsi to mg. For Models III and V, the migration rate was 
determined by the ratio D = dsi/mg. The lower D, the faster the patch 
population densities approached their equilibrium values, as shown 
in Figure 11 for Model Illa. 
The mean (x50) and coefficient of variation (cv50) of host patch 
population densities computed at t = 50 as functions of Dare shown in 
Figure 12 for Model V. Insects moved from the source population into 
the host patches more rapidly for lower values of D. At infinitely 
small D, the host patch population density would reach the source 
population dens ity instantaneou s ly. The more ra pid approach to equili -
brium levels at low D produced lower coefficients.of variation. For 
Models Va-d, illustrated in Figure 12a by Model Va, cv50 was the same 
for generalists (ph = 1) and specialists (ph > 1), and x50 for special-
ists was ph times x50 for generalists. Output indices from Model Ve 
(Figure 12b) with logistic dynamics in both source and host patch 
populations did not follow these simple relationships. For a given 
value of D, x50 was higher and cv50 was lower for specialists (ph = 4) 
than for generalists (ph = 1), but not by a constant proportion. The 
interaction of ever-increasing immigration from the logistically growing 
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Figure 11. Host patch population density (xt) versus time, showing approach to equilibrium as 
a function of D = dsifmg. ph = z; pnh = 0.5 (Model IIIa). 
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nonhost source population with the host patch carrying capacity in 
Model Ve produced its more complicated behavior. 
Levels of host preference. For a fixed ratio of host preference 
to nonhost preference (ph/pnh or r 0, 1;r 1 ,0), the equilibrium model 
behavior was the same regardless of the magnitudes of the preference 
levels. However, for a fixed ratio, higher preferences produced a 
more rapid approach to equilibrium (Figure 13a for Model II, Figure 13b 
for Model Illa). For a given ialue of nonhost preference (pnh or 
r 1,0), higher ratios of host preference to nonhost preference approached 
equilibrium more rapidly (Figure 13a for Model II). 
Host patch area. In Model IV, specialists were defined as 
migrating more feadily (b > 0) into larger host patches (above a minimum 
area, A0) whereas generalists were defined as migrating at the same 
rate (b = 0) regardless of patch size. x50 for generalists and 
specialists is shown as a function of host patch area in Figure 14a. 
Generalists showed no response to patch area; specialists reached higher 
densities in larger patches. For Models IVa-d, x5D increased in 
proportion to patch area . For Model IVe, x50 increased more and more 
slowly as patch area increased. cv50 for both specialists and generalists 
was unaffected by patch area for Models IVa-d; for Model IVe, cv50 
for specialists decreased as patch area increased (Figure 14b). Output 
indices for Model IVe responded nonlinearly to patch area due to the 
interaction between ever-increasing immigration from the log istically 
growing nonhost source population and the carrying capacity of a 
host patch. 
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Migration among host patches. In Models II, III, and VI, the rate 
of migration between two host patches was determined by the ratio of 
mg and phh (or r 1 1) to d .. (i.e., mg x phh/d .. or mq x r 1 1;d .. ). , lJ lJ , lJ 
For Models II and III, which have multiple host patches all exhibiting 
identical dynamics, changing phh (or r 1 1) or changing d .. had no effect , lJ 
on model output. All patches had the same immigration, emigration 
and population density, so that roovement from one host patch to another 
was balanced by equal movement in the opposite direction, with zero 
net effect. 
In Model VI, stochastic variation produced different population 
dynamics in each host patch. Here the expected consequence of move-
ment among host patches was lower variability in population density 
among host patches for higher rates of movement (i.e., higher phh or 
lower d .. ). However, for Models Via, c, and d, no significant 
lJ 
differences (P > 0. 05) in cv50 were found for relative rates of migration 
among host patches rdnging from O (no movement) to 20 (very high move-
ment). 
The exception to this pattern, Model Vlb, had mean host patch 
growth rates (xmi) that were constant from one run to the next. Three 
different sets of randomly chosen mean growth rates for the four host 
patches were used. In every case, raising the relative rate of 
migration among host patches (phh) from 1 to 4 significantly (P < 0.05) 
decreased cv50. 
No reduction in coefficients of variation occurred in Models 
Via, c, and d because the coefficient of variation of average host 
patch population densities 1-,as very insensitive to differences in 
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dynamics among host patches. Four widely differing host patch popu-
lation densities and four very similar population densities could have 
the same average and, thus, the same coefficient of variation of the 
averages during a model run. Increasing the relative rate of migration 
did decrease variability among the four host patch population densities 
at any point during a model run . However, this decrease v,as not 
reflected in a detectable reduction in the coefficient of variation 
of mean densities (cv20 or cv50). Only when the average host patch 
growth rates (xm.) remained constant from one run to the next, as in 
l 
Model VIb, was the variability in coefficients of variation from 
several model runs having the same relative migration rate reduced 
to the point that reductions in the coefficient of variation at higher 
rates of movement could be detected. 
Number of host patches. In general, the rrore host patches among 
which migration occurs, the lower the coefficient of variation of mean 
patch densities. As with relative rates of migration among host 
patches, models where all host patches had identica 'l dynamics (Models 
II and III) showed no reduction in coefficient of variation for 
increasing numbers of host patches. For Model Vla, where stochastic 
variation caused the population dynamics of different host patches to 
differ, the coefficient of variation at t = 50 was significantly 
(P < 0.05) lower for 16 host patches than for 4, and for 4 host 
patches than for l (Figure 15) . 
115 
0 .55 
0 
0 
0 .50 
0.45 0 o - a-= 0.25 
·-
a-= 0.05 
0 
If) 
> 0 .40 0 
0 
0 .35 
0 
0 
0 
• 0 
• 
0.30 I • 0 
• 
• : 
• • 
• 
• • 
• 
o.25I 
0 
0 5 10 15 20 
NUMBER OF HOST PATCHES 
Figure 15. Coefficient of variation (cv5 0 ) as a function of the number 
of host patches, Model vra . mg=.l; ds 1=1, ph=pnh=l. 
116 
Differences in transient behavior 
A major purpose of the models was to develop a method for guiding 
the design of field experiments. When choosing the size of experimental 
treatments (e.g., patch area or linear dimensions), it is usually 
necessary to minimize the cost (time, money, labor) of setting up, 
ma1intaining, and sampling experimental plots. The treatment plots 
should, therefore, be as small as possible, while still allowing 
detection of significant differences between two treatments with the 
desired confidence. An estimate of the expected difference in output 
values for two experimental treatments is needed to choose the size of 
the treatments. Insofar as the insect-plant interactions hypothesized 
in a model represent mechanisms influencing insect population dynamics 
in the field, output values for two model runs differing in the level 
of a parameter representing an experimental treatment (e.g., patch 
area) provide an estimate of the expected difference between two treat-
ments in a field experiment. This section concentrates on differences 
in output values as functions of differences in model parameter values. 
The coefficients of variation for Model IIIa showed relatively 
low sensitivity to the pararreters (1-30% difference between runs, com-
pared to 50-75% for the other output indices). This insensitivity 
was even more pronounced for Model IIIb, where the source population 
was growing exponentially (0.2-8 % differences, compared to 50-67%). 
Some reasons the coefficient of variation was an insensitive measure 
of model response were discussed in the preceeding section. 
11 7 
If the coefficient of variation is as insensitive a measure of 
insect population behavior in the field as it was in the models, it may 
be difficult to detect patch size effects in field experiments, par-
ticularly where insect population densities are increasing. There-
fore, population variance computed at t = 50 (v50), rather than coef-
ficient of variation, was used as the index of model response in cal-
culating differences in transient behavior for different parameter 
values. Expected differences predicted by two model runs with para-
meter sets P and P0 were expressed in terms of l) the absolute value 
of the difference in mean population densities computed at 
t = 50:Jx50(P) - X5o(Po)I , and 2) the ratio of variance s computed 
at t = 50: v50 (P);v 50(P0) or v50(r 0);v 50(P), for specialist and for 
generalist insect s . 
Ratio of di and mg. Models Va-e were run with different values 
of D = dsi/mg and expected diffe rences in output indices calcu-
lated. As describe d above, the smallest patch size in an experiment 
(in this case, D0) should be as small as practicable. Differences 
in means and variance ratios as functions of a larqer patch size, D, 
where the smaller patch size was D0 = 0.2, are shown in Figure 16a 
and b. The curves shown are for generalists . For Models Va-d, 
x50(D) and v50(D) for specialists were host preference (ph) times 
x50(D) and v50(D) for generalists. Therefore, the variance ratio 
curve was the same for specialists and for generalists. The mean 
difference (lx50(D) - x50(D0)1) curve for specialists was the same 
shape as that for generalists, differing only by a scaling factor of 
ph on the y-axis. 
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Graphs such as those in Figure 16 can be used to choose patch sizes 
for field experiments or agricultural applications. The graphs show 
how much bigger than o0 a larger patch (D) must be in order to produce 
a given expected difference in means or ratio of variances. The 
mean difference curves show that the expected difference increases with 
D but at a declining rate. Thus, beyond a certain point, increasing D 
has negligible impact on the expected mean difference. The variance 
ratio curve in Figure 16b and the one in Figure 16c, ph = 4, are similar 
in shape to the mean difference curves. The variance ratio curve 
in Figure 16a and the one in Figure 16c, ph = 1, on the other 
hand, have maxima, suggesting that there is a choice of larger patch 
size, D, that produces the highest ratio of variances. 
Host patch area. In the same way that Model V can be used to 
predict expected mean differences and variance ratios as functions of 
D, Model IV can be used to predict expected differences as functions 
of host patch ar ea , A. The small es t patch area chosen for experimental 
treatments should be as small as practicable. For the purpose of 
calculating expected differences, the smallest patch area was assumed 
to be A0 , the minimum patch area to which specialists respond. Thus, 
the expected difference in means was lx50(A) - x50(A0)1, and the expected 
ratio of variances v50(A);v50(A0). By definition, generalists in the 
model do not respond to patch area and, therefore, the expected mean 
difference for generalists was always zero and the ratio of variances 
was one. 
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Fig~re 17a shows the expected mean difference and variance ratio 
as functions of the larger patch area for specialists, Model IVa. For 
Models IVa-d, x50(A) = x50(A0)[1 + b(A - A0)J and v50(A) = 
v50(A0)[1 + b(A - A0)J. Therefore, /x50(A) - x50(A0)! = 
bx50(A0)(A - A0) and v50(A);v50(A0) = 1 + b(A - A0). Thus, the 
mean difference curve from any of Models IVa-d has the shape shown 
in Figure 17a~ with slope governed by x50(A0) and b. The variance 
ratio curve in Figure 17a applies to any of Models IVa-d. The slope 
is governed only by b. Figure 17b shows the expected mean difference 
and variance ratio curves for specialists in Model IVe, where both 
source and host patch populations were growing logistically . Again the 
slope of the curves is determined by b. 
As described for Model V, the cur ves in Figure 17 can be used to 
choose host patch areas to be used in field experiments. If a field 
population behaves according to any of Models IVa- d, the mean dif-
ference and varianc e ratio will increase linearly as the larger patch 
area (A) increases (Figure 17a). If the field popu1ation behaves more 
like Model IVe (Figure 17b), the rate of increase in mean difference 
and variance ratio will diminish as A increases . Beyond a certain 
point, there is little advantage to larger patch areas. 
Discussion and conclusions 
Effects of changing migration functions and parameter values on 
the behavior of the six subpopulation models were described. These 
effects were remarkably constant among different descriptions of habitat 
patches and insect subpopulations (Models I through VI) and among 
5000 50 
-
x / 
4000 
·-
x b:.: 100 ,, 40 
,-.. / 0 0 ·• ---· V ,, 
< 
/ < 
.._, . 
,, 
3000 -+--- · V / 30 0 0 ,, 
LI) ,, LI) 
IX > 
I / ' 
,-.. 2000 20 < < 
0 . / 0 
LI) LI) 
IX / > 1000 ,, 1 0 / . 
b:.: 10 
-·- ·-
-·- -
-·--
----
- - ·-
0 0 
o.o 0. 1 0 . 2 0.3 0,4 o.s 
A 
a 
100 2.0 
b :.: 1 00 
80 --_ __.. . 
0 . • / b :.:J 0 0 
<. 
... < 
60 
.,, 
0 .... 0 
LI) LI) 
~-
IX ... 1. 5 > 
I ' ,., 
< 40 :r -e- - x < 
0 . ,, x 0 lf) -a--- lf) 
IX > 20 .,. _____ V 
·+-··- V 
0 1. 0 
o.o 0. 1 0.2 0,3 0,4 o.s 
.A. 
b 
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different population growth functions for a given model (e.g., Models 
IVa through e). Since at least qualitative, if not quantitative, results 
from the models were relatively insensitive to details of model 
structure, conclusions from the models can be related to field situ-
ations with some confidence, even when the models do not represent 
the field dynamics exactly. 
The coefficient of variation failed to reflect changes in functions 
or parameter values. Some reasons for this lack of response have been 
discussed. Insensitivity to changes in model structure and para-
meter values is desirable up to a point, but the coefficient of var-
iation was unresponsive to changes that are of interest in field 
experiments, such as degree of divergence of populations in several 
habitat patches. Thus the coefficient of variation may not be a useful 
measure of stability (as measured by population fluctuations) for field 
or model experiments. Other measures of the stability of modeled popu-
lations that could he compared with field obser vations include : 1) 
the range of population fluctuations (Reddingius and den Boer 1970), 
and 2) the population mean over a model run divided by its standard 
error (Myers ·1976) (whi ch is equal to the square root of the number of 
observations used to calculate the mean divided by the coefficient of 
variation). To avoid problems with the insensitivity of the coefficient 
of variation, variance was used to measure stability. 
Levins (1969), Reddingius and den Boer (1970), den Boer (1968), 
Reddingius (1971 :86-88), and Roff (1974a, b) developed models of sub-
populations connected by mi9ration similar to those in the present study. 
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Some of the results can be compared with those from Model VI. Roff 
(1974a, b), Reddingius (1971:86-88), den Boer (1968), and Reddingius 
and den Boer (1970) discussed models where several subpopulations 
had identical average growth rates, but fluctuated independently 
because of stochastic variation, as in Model VIa. Even without 
migration among subpopulations, a system composed of subpopulations 
was more persistent (i.e., longer expected time to extinction) and 
fluctuated less widely than a single large population. Increasing the 
migration rate among subpopulations further increased persistence and 
decreased fluctuations up to the point where migration was so high 
that the subpopulations fluctuated synchronously. Increasing the number 
of subpopulations increased persistence and decreased fluctuations 
(Roff 1974b, den Boer 1968) . Results from Model VIa support the 
observation that increasing the number of subpopulations decreases 
variability: increa s ing the number of patches from l to 4 to 16 
decreased the coeff i, ient of variation. However, a decrease in 
variability with higher rates of n~vement among patches was not seen 
in Model VIa, due to the insensitivity of the coefficient of variation. 
The population dynamics of different host patches were less divergent 
for higher rates of movement, but the coefficient of variation did 
not show this effect. 
Reddingius and den Boer (1970) found that assigning subpopulations 
different average growth rates, as in Models VIb and c, reduced fluc-
tuations from the level observed in subpopulations with identical average 
growth rates. Migration among subpopulations further reduced fluctu-
ations in these situations. Similar results were obtained for Model VIb 
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but not for Model VIc, because of the insensitivity of coefficient 
of variation described above. 
Models of other aspects of spatial pattern and insect behavior 
explored in this study had not previously been published. Models II 
and V investigated insect population dynamics as a function of dsi 
(distance from the edge to center of a host patch), where migration was 
inversely related to dsi· The mean and variance of population levels 
were higher and the coefficient of variation lower for smaller patches. 
For most of the model structures, specialist insects (those preferring 
host plants to nonhosts) had higher means and lower coefficients of 
variation at a given patch size than generalists. How much higher 
or lower depended on the degree of host preference. 
Model IV addressed insect population response to host patch area, 
where specialist insects moved preferentially into larger patches 
and generalists showed no preference for patch area. Specialists 
reached higher mean densities, and sometimes lower coefficients of 
variation, in larger patches; generalists showed no population response 
to patch size. 
Investigating population means and variability in response to 
distance, area, and number of patches was onlyonepurpose of the 
modeling studies. The other was to provide a method of predicting mean 
differences and variance ratios as functions of differences in patch 
size. Models IV and V were used to generate curves relating mean 
differences and variance ratios to larger patch size, for a given smaller 
patch size. These curves were used in conjunction with field variability 
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estimates to evaluate patch sizes for future experiments or application s, 
as outlined in the next chapter. 
CHAPTER IV 
MODEL-FIELD 
Introduction 
126 
The purpose of the model-field portion of the study was to develop 
a method for choosing the spatial scale of plant patterns for field 
experiments or for the management of pest populations. The method 
combined differences in population levels and variability predicted 
by the models with variances estimated from the field experiments. 
First, model parameters were fit using some of the field data to 
establish a correspondence between differences predicted by the model 
and variances estimated from the field. Then the fitted model was run 
for a range of patch sizes. For a given smaller patch size (P0), 
the absolute difference in mean population levels (lx50(P) - x50(P0)1) 
and the variance ratio (v50(P) ;v50(P0)) were graphed against the larger 
patch size (P). Variances estimated from the field were expressed 
as functions of their component variances and sample sizes. For 
various numbers of replicates and subsamples, the least difference in 
means and smallest ratio of variances that could be detected in the 
field were calculated. These mean differences and variance ratios were 
then compared with the difference and ratio curves from the fitted 
model to determine how large or small patch sizes must be to produce 
detectable effects. This information was used to assess choices of 
replication, subsampling, and patch size to decide l) if a particular 
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patch size experiment was feasible, and 2) how large the experiment 
and sampling plan must be. 
Fitting the Model 
Choice of model and data set 
The purpose of fitting a model to field data was to establish 
a correspondence between differences predicted by the model and 
least detectable differences calculated using field variability esti-
mates. For comparison of differences to be meaningful, they must have 
a common magnitude and variability. The most straightforward, although 
not the only, way of establishing a common reference was to fit the 
model parameters usi ng field data. 
Data on number of cabbageworm eggs per plant from large patches 
in EX1A79 \vere chosen to fit the model parameters. This was the lar-
gest patch size data set, with 12 dates and 5 replicates, providing 
12 points, each the average of 5 plot means. Cahbageworm eggs were 
more numerous than the other taxa and had low enough variance that 
treatment differences were obvious (Table 17). Because more infor-
mation was available on flight distances and host preferences of ovi-
positing females than on their responses to patch area, Model V, 
rather than Model IV, was chosen for fitting to the field data. Since 
the cabbageworm egg data from EX1A79 showed a rapid increase during 
the experiment (Figure 8a), one of the exponential formulations of 
Model V was used. Model Vb, with exponential growth in the nonhost 
background and negligible reproduction or mortality within a host patch, 
was selected. Model Vd, with exponential growth in the host patch 
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populations as well, might have given a slightly better fit to the data 
but had the disadvantage of requiring four instead of three parameters 
to be estimated from the 12 data points. 
Setting model parameters 
Most of the model parameters were assigned values corresponding 
to conditions in EX1A79. The length of a model run was 42 days, the 
length of the field experiment. The patch size (defined by dsl 
and A) was the same as the 81-plant patches in EX1A79, scaled so that 
number of cabbageworm eggs per plant in the field data corresponded 
to number/distance 2 in the model (i.e., unit distance in model = 2 ft 
(0.61 m) in field). The initial host patch population in the model 
was O., since the plants were free of insects at the beginning of the 
field experiment. The time step was arbitrarily set at 1 day. Dates 
used to calculate the mean and variance of population density over a 
model run were the same as sampling dates in the field (i.e., day 4, 
7, etc.). The preference for nonhosts (pnh) was set to 1. and host 
preference (ph) defined relative to 1., since model analyses (Chapter 
III) had shown the ratio of ph to pnh to be most important. The ini-
tial population density in the nonhost background (S0) was set arbi-
trarily because s0 and ph functioned as one parameter in Model Vb. 
(The value chosen, 0.1, was probably the right magnitude for the 
field situation.) 
Fitting model parameters 
The remaining model parameters: 1) the basic migration rate (mg); 
2) the rate of exponential increase in the nonhost source population 
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(r); and 3) host preference (ph), were fit to the field data using 
Hooke and Jeeves' (1961) direct search method. Initial estimates of 
the three parameters (mg= 2.5; ph = 5, r = 0.2) were developed from 
Jones' (1977a) observations on flight and oviposition behavior of 
f_. rapae females in Canada and Australia and from cabbageworm egg 
data from the 1977 field season in the present study. Since Jones' 
data did not contain all the information needed to estimate these 
parameters, the initial values were very approximate. 
In addition to initial parameter estimates, Hooke and Jeeves' 
(1961) method required an initial step size for changing the para-
meters, a minimum step size for terminating the search, and an algo-
rithm for computing the error function. The initial step size for 
each parameter was 0.1 times the initial parameter estimate. The 
minimum step size was 0.001 . When the change in parameters in one 
iteration was less than the minimum step size, the search terminated. 
The algorithm for computing the error function was the computer code 
for simulating Model Vb and calculating the sum of the squared dif-
ferences between modeled population densities and data points. Thus 
the procedure searched for parameters that minimized the squared 
error. 
In applying Hooke and Jeeves' (1961) method, the initial para-
meter estimates were used as the first starting points. Then the 
resulting estimates were used to initiate another search. Finally, 
widely scattered starting values were used to see if the procedure 
converged to the same part of the parameter space. Final parameter 
sets had the following characteristics: 1) A number of final parameter 
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sets satisfied the stopping criterion (parameter change less than 
minimum step size), but had higher final errors than other sets that 
did not satisfy the stopping criterion. 2) A number of final parameter 
sets that failed to satisfy the stopping criterion (and were stopped 
by limitations placed on number of iterations) had much lower final 
errors. In sets that produced the lowest errors, the final values for 
r were similar, but ph and mg could vary widely (in opposite directions) 
without much change in the final error. Altering parameter values 
even slightly away from one of these final sets increased the final 
error considerably. These findings suggested that the parameter space 
of Model Vb was characterized by small, flat pits and long, gradually 
sloping valleys with steep sides. Further searching for a "best" 
parameter set was not justified by the objective of establishing a 
correspondence between model and field population levels, so one 
of the parameter sets (mg= 0.02, ph = 151.697, r = 0.025) with a small 
final error was arb itrarily selected. 
The fitted model and data used to fit the parameters are shown 
in Figure 18a. Figure 18b shows the fitted model run with parameters 
dsl and A describing the smaller patch size and data from smaller 
patches in EXilA79. Since data from the smaller patches were not used to 
fit the parameters, this can be viewed as a validation run of the fitted 
model. 
Use of the Fitted Model 
The fitted model was run for a variety of patch sizes and the mean 
and variance of ln (population density+ l) calculated for each model 
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run. (The log-transformation was used because the field data were 
transformed before analysis.) Figure 19 shows the mean and var-
iance plotted against patch size. (Patch size, P, is expressed as 
the square root of the number of plants in a patch, where 
(l plant) 112 = unit distance in the model. ) As expected from the 
analysis of Model Vin Chapter Ill, the mean and variance declined 
first rapidly, then more slowly, as patch size increased. The dif-
ferences in means (lx50(P) - x50(P0)1) for a given smaller patch size 
was then calculated. The difference in means for a given smaller patch 
size of nine plants, the size of the smaller patches in the 1979 field 
experiments, is shown in Figure 20a; the difference in means for a 
given smaller patch size of four plants is shown in Figure 20b. 
The sensitivity of the difference in means to 10% changes in the fitted 
parameters is also shown in Figure 20a. Changing the parameters by 
10% had negligible impact on the difference in means. 
Curves similar to Figure 20 were constructed for ratios of variances 
for given smaller patch sizes, as in Figure 16b. Since the methods 
were the same for means and variances, only di fferences in means were 
considered in the remaining development of the rrodel-field section. 
Variability Estimates from 
Field Data 
A balanced subset of cabbageworm egg data from both treatments 
of EX1A79 was assembled as described in Chapter II for the components 
of variance analysis of EX1A79. A components of variance analysis of 
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Differences in means (lxso(L)(P) - x5uj 1, 2(Po)I) versus larger patch size (P = ('# plants/patch) T ) for given 
sma!ler patch size (Po). x5o(L) has same definition 
as x50, except that Xt values have been transformed to 
ln(xt + 1). a) Smaller patch size= 9 plants, and 
sensitivity analysis. b) Smaller patch size= 4 plants. 
Model Vb; mg= 0.02; ph = 151.697; r = 0.25. 
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this subset produced estimates of treatment, plot-to-plot (Error A), 
date, date x treatment, Error B, and subsampling error components. 
The estimated variance of a treatment mean was then .expressed as a 
function of its component variances (Ostle and Mensing 1975:309-312): 
V(treatment mean)= (Error A)/n + (Subsampling Error)/nmd, 
where n = number of replicates, m = number of su~samples per plot, 
and d = number of dates. Keeping d fixed at 12 (the number of sampling 
dates for EX1A79~ n and m were varied to determine how V(treatment 
mean) was affected by n and m. For the cabbageworm egg data from 
EX1A79, 
V(treatment mean) = 0.003006 + 0.3542 
n 12 nm 
= 0.003006 + 0.0295 
n nm 
The estimates of V(treatment mean) for different values of n and m 
were used in sample size equations to estimate the least difference 
between two means that could be detected in the face of field variab i lity: 
where S- - = standard deviation of the difference of two treatment 
Y1-Y2 
means. The calculated least difference was then used with the graphs 
of difference in means versus patch size (Figure 20) to determine 
the larger patch size needed to detect a difference in population 
densities between larger and smaller patches. 
Field Variability and 
Model Predictions 
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A few examples from the cabbageworm egg data illustrate the use 
of the graphs in Figure 20. If n = 2 replicates and m = l subsample 
per plot, 
V(treatment mean)= 0.0~3oo6 + 1"2~(~) = 0.01625; 
least difference= t 0_05,2(2(0.01625))
112 
= (2.92)(0.1803) 
= 0.526. 
In Figure 20a, for a smaller patch size of nine plants/patch, the larger 
patch size must be at least 49 plants/patch to expect a difference 
between means of at least 0.526. (Only square patches were considered 
to avoid altering patch shape as well as patch size.) Thus a patch 
size experiment with two replicates of two treatments, consisting of 
nine-plant patches and 49-plant patches, would require a total of 
116 plants, of which four would be sampled on eacti date. When number 
of subsamples per plot (m) was increased to nine, the maximum that 
could be sampled from a ninE-plantplot, the least difference became 
0.232. Referring to Figure 20a, the larger patch size must be only 
25 plants, instead of 49. Thus the whole experiment would require 
only 68 plants, but 36 would be sampled on each date. When the number 
of subsamples per plot was reduced to three, the least difference was 
0.331. From Figure 20a, the larger patch size required was still 
25 plants. The number of plants in the whole experiment was 68, but 
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only 12 need be sampled on each date. These examples show how the 
number of replicates, number of subsamples, and patch sizes can be 
adjusted in designing a field experiment. The optimal design depends on 
which factors--space or experirrental plants, labor for maintaining 
plots, time, or labor for counting insects--are in shortest supply. 
Referring to Figure 20b, rather than Figure 20a, illustrates the 
consequences of choosing a smaller patch size, four rathe~ than nine 
plants per patch, for the smaller treatment. For n = 2, m = l, least 
difference= 0.526, the minimum size of the larger patch was 25, instead 
of 49, plants per patch. For n = 2, m = 3, least difference= 0.331, 
the larger patch size must be at least 16, instead of 25, plants per 
patch. This example illustrates the point raised in the last section 
of Chapter III, that the smaller patch size used should be as small 
as possible to minimize the total size of experiment needed. 
Differences in means from model runs in which the fitted para-
meters were altered by 10% of their fitted values are shown in Figure 
20a. In the examples presented above, changing the fitted parameters 
by 10% did not affect the curve in Figure 20a enough to change con-
clusions about patch sizes needed for experiments. Relatively low 
sensitivity to the parameters is desirable because it increases con-
fidence that conclusions about patch size were not unduly influenced 
by parameter values used in the model. 
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Discussion and Conclusions 
Using cabbageworm egg data from EX1A79 to demonstrate a method 
of combining model predictions with field variability estimates 
indicated that fewer replicates and subsamples and smaller patches would 
still have produced significant treatment differences. This result 
is hardly surprising since significance levels from AN0VA of cabbage-
worm eggs in EX1A79 (Table 17) were very low and the data set was chosen 
for its low variability. For taxa with higher variability, and least 
detectable differences -of 1.5 or more, the patch size required to 
obtain significant treatment effects could be too large (Figure 20) 
to be practical. According to the method demonstrated in this chapter, 
such experiments should be rejected because there is little chance 
they will discriminate among alternative hypotheses. Since insect 
population experiments in spatial patterns require large investments 
of time, labor and space, a method for rejecting marginal experiments 
and streamlining the design of more promising experiments is a valuable 
research tool. 
The method also has implications for manipulating patch size on 
a commercial scale as part of a pest management program. Crop field 
sizes for commercial applications tend to be at the upper range of 
patch sizes shown in Figures 19 and 20. Very little reduction in 
cabbageworm population levels would be expected from increasing patch 
size in this range. The model suggests that cabbageworm populations 
should be low already in large patches. Gilbert et al. (1976) drew 
the same conclusion from Jones• (1977a) models of cabbageworm oviposition 
behavior. 
139 
The reliability of the method for choosing patch sizes depends, 
in part, on the extent to which interactions between insect behavior 
and plant pattern in the models reflect insect responses to plant 
pattern in the field. The ability of the rrodels to represent field 
dynamics was investigated only through validation runs of fitted models, 
as shown in Figure 18b. The method is probably useful for choosing 
spatial scales for experiments similar in scale (i.e., less than 10 
or so acres) and geographic area to the field experiments in the present 
study. The limits of patch size and geographic area to which the models 
may be applied reliably have not been determined. 
Using the models and variability estimates to choose patch 
sizes for experiments or applications at much larger scales or in 
different geographic areas require s caution. THe models included 
only one feature of plant pattern, patch size, which accounted for 
significant variability in cabbageworm populations in small-scale 
experiments, but may be overshadowed by other f<lctors in larger fields. 
Variability estimates from small-scale field studies may not apply to 
much larger scales. In other geographic areas, the composition of _ the 
insect community may be different and the behavior of some insect taxa 
may be different, as discussed in Chapter II. Thus the method is 
probably less reliable when it is applied to situations unlike those 
for which the models were constructed and the field data obtained. 
This chapter has demonstrated a method for combining model 
predictions and field variability, but by no means exhausted the 
possibilities for its development. Other models from Chapter III 
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and other field data could be used. The models could be elaborated 
and refined in many ways, perhaps including several elements of 
insect behavior and plant pattern in one model. The parameter esti-
mation method could be refined as well. Hooke and Jeeves' (1961) 
method was used because it is simple, produces approximate results in 
reasonable computation time, and has been shown to work well and 
quickly on a variety of numerical and statistical problems. Some 
disadvantages of Hooke and Jeeves' method are that 1) there is no 
way of knowing how good a final set of parameters is, relative to 
the optimal set; and 2) the conditions for which the method converges 
on a solution are not known. Other estimation procedures without 
these limitations, but which do not require that the model be stated 
in closed form, would be an improvement over Hooke and Jeeves' direct 
search. 
To summarize, a method was described for combining model predictions 
of differences in t reatment means with field variability estimates. 
Its purpose was to guide the choice of patch sizes . for future experi-
ments or applications. Parameters of Model Vb were estimated using 
field data for cabbageworm eggs from EX1A79. Graphs of the differences 
in means versus patch size were constructed from runs of the fitted 
model. Least detectable differences in treatment means were cal-
culated from the field variability estimates for different numbers of 
replicates and subsamples. These least differences were compared to 
the graphs to choose the larger patch size needed to produce sig-
nificant treatment differences in an experiment. Ten percent changes 
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in the fitted parameters had little impact on conclusions about patch 
size. The method showed that the range of patch sizes in EX1A79 
was larger than necessary to produce significant treatment effects 
for cabbageworm eggs. It also suggested that altering the size of 
commercial fields would have little effect on cabbageworm populations. 
Although the method is useful for designing experiments of similar 
scale and geographic areas to those in the present study, extending 
it to much larger scales or to different geographic areas requires 
caution. 
CHAPTER V 
SUMMARY AND CONCLUSIONS 
The Problem and Purpose of Study 
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The assertion that spatially heterogeneous ecosystems are roore 
stable than homogeneous systems is a dogma of roodern ecology. Field 
observations can be found both to support and to refute this assertion, 
depending on interactions between animal behavior and environmental 
pattern in particular systems. Understanding the influence of these 
interactions on the level and stability of animal populations is 
important to theoretical and applied ecologists. 
This study investigated effects of the spatial pattern of her-
baceous plants on populations of herbivorous insects. Population 
response was measured by the level and stability, defined as population 
variability, of insect populations in field experiments and in mathe-
matical models. The study had three phases: l) Field experiments 
were designed to determine if effects of host plant patch size and 
surrounding plant type on insect populations could be detected in 
short-term, small-scale experiments. 2) Mathematical models were 
constructed to study interactions between host plant patch size and 
insect behaviors, such as host preference and migration rate. 3) A 
method was developed for combining model predictions and field 
variability estimates to choose appropriate patch sizes for future 
experiments or applications. 
Field Experiments 
The field experiments addressed two apsects of plant spatial 
pattern: l) the types of plants surrounding a host plant, and 
2) patch size of the host plant. The host plant was collards 
0Brassica oleracea), and the insect populations were generalist 
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and specialist herbivores reeding on the aboveground parts of cru-
cifers), predators and parasitoids. In the experiments on surrounding 
plant type, collards were surrounded by l) other collards; 2) col-
lards treated with a systemic insecticide, rendering them toxic; 
3) broccoli, a closely related host; and 4) tomatoes, an unrelated, 
and perhaps repellent, host. The imported cabbageworm (Pieris rapae), 
a crucifer specialist, was more abundant on collards surrounded by 
tomatoes than in the other treatments. This result was unexpected, 
since previous studies of other crucifer specialists showed that 
tomatoes repelled crucifer pests, reducing insect populations on 
crucifers planted with tomatoes (Gupta and Thorsteinson 1960a, band 
Burandy and Raros 1975 for Plutella xylostella; Tahvanainen and 
Root 1972 for Phyllotreta cruciferae). Other studies have shown 
that f_. rapae females prefer to oviposit on isolated host plants 
(Cromartie 1975a); collards surrounded by tomatoes may appear more 
isolated than those surrounded by related hosts. Gilbert and Smiley 
(1978) suggested that ovipositing on isolated hosts may decrease attacks 
from parasitoids or predators that respond to host plants as well as 
host insects . The major parasitoid off_. rapae, Apanteles glomeratus, 
is attracted by cruciferous hosts (Kitano 1978, Sato 1979). 
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The host plant patch size experiments included small and large 
square patches of collards in a weedy background. f.. rapae was 
more abundant in small patches. This result was consistent with 
previous observations that f.. rapae females oviposit more heavily on 
isolated hosts (Cromartie 1975a), on hosts in small patches (Cromartie 
1975a), on hosts in rows bordered by weeds (Root 1973), and on plants 
at the edge of a patch (Harcourt 1963). These oviposition patterns 
could result from interspersion of egg-laying and feeding on weed 
blossoms (Harcourt 1962, 1963) or from better perception of edge plants 
by ovipositing females (Jones 1977a). In one of the host plant patch 
size experiments, the diamondback moth (Plutella xylostella), another 
crucifer specialist, was more abundant in large patches. Large patches 
may provide stronger visual or olfactory cues attract i ng the moths 
to their host plants. 
The proportion of parasitized individuals of various taxa was 
analyzed for both th e surrounding plant and pat ch size experiments. 
A significant treatment effect was found in only one instance. The 
absence of significant effects is not surprising because: l) para-
sitoids may respond to the distributions of both host insects and of 
plants used by their hosts, making interpretation of resulting para-
sitoid distributions difficult; and 2) the proportion of parasitized 
individuals was low and variable, making detection of treatment effects 
unlikely even if present. Analyses of treatment differences in 
variances due to replication and date were made for both sets of exper-
iments. Significant differences were found for only one taxon in one 
experiment. The absence of treatment effects suggests that insect 
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population stability, as measured by variability, was unaffected by 
host plant patch size and surrounding plant type. 
These field experiments showed that population responses of 
some specialist herbivores to host plant patch size and surroundin0 
plant type can be detected in short-term, small-scale experiments. 
Since the experimental plots were far smaller than distances easily 
traveled by the insects, their responses to plant pattern must be 
due to details of their flight, host finding, and oviposition 
behavior, rather than simply mobility. Previous observations of 
·1) variation in the composition of the crucifer insect community in 
different geographic areas (e.g., Root 1973, Oatman and Platner 1969), 
and 2) marked variation in the flight and oviposition behavior of 
.E_. rapae in different geographic areas (Jones 1977a, Ives 1978, 
Jones and Ives 1979) suggest that assembling behavioral data to 
interpret plant pattern experiments may be a prohibitively large 
task. The consist ency of results among the thr ee patch size experi-
ments and among the three surrounding plant experiments in this 
study, despite variation in horticultural methods, weather, and other 
factors, offers some reassurance of the regularity of insect responses. 
Methods 
Preliminary models, in which rlant pattern was represented by 
a checkerboard of grid cells, were marred by technical problems that 
could not be solved readily. Similar models reported in the literature 
(Allen 1975, Hoppensteadt 1978, Monserud and Ek 1974) had similar 
problems. Another method of representing plant pattern, discrete 
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habitat patches with insect subpopulations connected by migration, 
was more successful. The effect on insect populations of the size, 
number, and distribution of host plant patches was studied. Insect 
behaviors included host preference, preference for patch size, 
migration rates, and population growth rates in nonhost background 
vegetation and in host patches. In evaluating population responses to 
plant pattern, particular attention was paid to differences between 
specialist and generalist herbivores, where specialists and gen-
eralists were defined by their behavior, such as relative preference 
for host plants. 
The major interactions of plant pattern and insect behavior 
investigated were: l) number of host patches and the migration rate 
of insects among patches; 2) host patch area and preference of specialist 
herbivores for large host patches; and 3) distance between background 
vegetation and the center of a host patch, migration rate and host 
preference. Major ie sults were as follows: l) Increasin g the number 
of host patches and increasing the rate of migration among host 
patches decreased population variability, as expected from previous 
similar models (Roff 1974b, den Boer 1968). 2) Specialist herbivores, 
which preferred larger patches, had higher mean levels and lower 
variability in larger host patches; generalist populations behaved 
identically in small and large patches. 3) For models where migration 
rate was inversely related to distance, insect populations reached 
higher values and were less variable in smaller host patches. 
Specialist herbivores showed a stronger response to patch size than 
generalists. 
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The effects of plant pattern on modeled insect populations were 
remarkably constant among different descriptions of the environment 
and subpopulations and among different population growth functions. 
Relative insensitivity to model structure is desirable because it 
increases confidence that modeled populations behave similarly to 
field populations even when the models do not represent the field 
situation exactly. 
One measure of stability, the coefficient of variation of the 
modeled population, was unsuitable because it failed to reflect dif-
ferences in population behavior that are of interest in field situ-
ations. Choosing a measure of stability that can be applied to both 
model and field populations, that captures the intuition that more 
widely fluctuating populations are less stable, and that permits 
the extension of theoretical results to practical field problems 
remains an elusive goal . 
The purpose of the models was to provide a framework for studying 
hypothesized interactions between insect behavior , and plant pattern 
and not to mimic the behavior of real insect populations. However, 
the models were designed to represent host plant patterns used in the 
patch size field experiments, and the measures of modeled population 
behavior used were compatible with observations of field populations. 
Model predictions of insect population response to patch size were 
combined with field variability estimates in the model-field portion 
of the study . 
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Model-Field 
Parameters of one of the subpopulation models were fit using 
cabbageworm egg data from one of the patch size experiments. The 
fitted model was run using a range of patch sizes, producing graphs 
of differences in the mean population levels between a larger patch 
and a fixed smaller patch. Estimates of variance components from 
field data were used to calculate, for a given number of replicates 
and subsamples, the least difference in means that could be detected 
in the presence of field variability. This difference was then eval-
uated with the graphs produced by the model to determine the size of 
larger patch required to obtain significant treatment differences 
in an experiment. 
The procedure showed that the 1979 patch size experiments had more 
replicates, more subsamples, and larger patch sizes than necessary 
to produce detectable treatment effects for imported cabbageworm eggs. 
However, for taxa with higher variability, the least detectable dif-
ferences would be so large that experiments big enough to show sig-
nificant treatment effects would be infeasible. The method is, there-
fore, valuable for rejecting proposed experiments when there is little 
chance they will discriminate among alternative hypotheses. It also 
helps design those experiments that are feasible by suggesting appro-
priate patch sizes. By using models to predict insect population levels 
for various patches, the method developed in this study extends standard 
sample size calculations to consider different treatments (i.e., patch 
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sizes) as well as different numbers of replicates and subsamples. 
It answers the need voiced by Murdoch (1975) and Way (1977) for a 
method of choosing the proper scale for plant spatial patterns, based 
on interactions of insect behavior and plant pattern in a particular 
system. 
For large commercial fields, the method suggests that cabbage-
worm eggs are already at low levels and that manipulating field size 
would have little effect on cabbageworm populations. Gilbert et al. 
(1976) reached much the same conclusion--that large, dense fields of 
cabbage should have low cabbageworm populations--based on models of 
P. rapae oviposition behavior described in Jones (1977a). 
Conclusions about spatial scale are probably reliable for exper-
iments of approximately the scale and geographic area of those in the 
present study. Extending the method to much larger scales or to 
different geographic areas requires caution. Interactions among 
several aspects of insect behavior and plant pat tern and geographic 
differences in insect behavior are among the factor? that could change 
the effects of spatial pattern at larger scales and in different 
regions. 
In summary: 1) Field experiments on host plant patch size and 
surrounding plant type showed that these aspects of plant spatial 
pattern have significant effects on the population dynamics of some 
crucifer specialists. 2) Mathematical models predicted qualitative 
features of insect response to patch size, based on hypothesized 
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interactions between insect behavior and host plant pattern. 3) The 
model-field portion of the study developed and demonstrated a method 
for choosing the appropriate spatial scale for field experiments or 
applications involving patch size. 
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APPENDICES 
APPENDIX A
Taxa Observed on Above-Ground Parts of 
Experimental Plants, 1977 
16,l 
l = generalist herbivore; 2 = specialist herbivore; 3 = generalist 
predator; 4 = specialist predator; 5 = parasitoid; 6 = incidental, 
ignored in analysis. C = common, 0 = occasional, R = rare. 
Araneida, spiders (3) C 
Acarina 
Tetranychidae, spider mites (1) 0 
Bdellidae, predatory mite (3) 0 
Coll embo 1 a 
Sminthuridae (prob.) (6) R 
Ephemeroptera, mayflies (6) R 
Orthoptera 
Locustidae, grasshoppers (1) C 
Dermaptera 
Forficulidae 
• I 
Forficula auricularia Linn., European earwig (1) R 
Thysanoptera 
Thripidae 
Frankliniella occidentalis (Pergande), western flower thrips 
( 1 ) C 
Scolothrips sexmaculatus (Pergande), six~spotted thrips (4) C 
Hemiptera 
Piesmidae 
Piesma cinerea (Say) (1) R 
Rhopalidae (6) R 
Miridae 
Melanotrichus sp. (l) R 
Lygus sp. (l) R 
Pentatomidae 
Chlorochroa sayi Stal., Say's plant bug (1) R 
Nabidae - -
Nabis alternatus Parshley (3) 0 
Anthrocor i dae 
Orius tristicolor (Hhite), minute pirate bug (3) 0 
Lygaeidae 
Nysius ericae (Schilling), false chinch bug (1) 0 
Lygaeus sp. (prob. kalmi Stal), mi"l kweed bug (6) R 
Geocoris sp. (3) 0 
Homoptera 
Cicadellidae (l) C 
Aceratagall ia sp. (l) 0 
Texananus latipex Delong (l) 0 
Euscel idius sp. (l) 0 
Membracidae (l) R 
Psyll idae (6) R 
Aleyrodidae, whitefly (l) 0 
Aphididae (l) C 
162 
Aohis sp. (6) R 
Macrosiphum sp. (6) R 
Therioaphis riehmi (Borner), sweet clover aphid (6) R 
Drepanaphis utahensis Knowlton and Smith, maple aphid (6) R 
Rhopalosiphum sp. (2) 0 
Myzus persicae (Sulzer), green peach aphid (1) C 
Brevicoryne brassicae (Linn.), cabbage aphid (2) C 
Coleootera 
Staphylinidae (3) R 
Coccinellidae (4) C 
Cocci~ella transversoquttata (Faldermann) (4) C 
Chrysomelidae (6) R 
Systena blanda Melsheimer (1) 0 
Glyptina atriventris Horn (1) R 
Phyllotreta cruciferae (Goeze) (2) 0 
Curculionidae 
Sitona sp. ( l) R 
Malachiidae 
Collops bipunctatus (Say) (3) 0 
Neuroptera 
Chrysopidae 
Chrysopa sp., green lacevJing (4) C 
Lepidoptera 
Plutellidae 
Plutella xylostella (Linn.), diamondback moth (2) C 
Pyralidae (1) R 
Tortricidae 
Archips negundanus (Dyar), boxelder leafroller (6) R 
Psych i dae 
Apterona crenulella (Bruand) (l) 0 
Noctuidae 
Spodoptera oraefica (Grote), western yellow-striped armyv1orm 
( l ) R 
Trichoplusia .!:!.i (Hubner), cabbage looper (2) O 
Pieridae 
Pieris rapae (Linne), imported cabbageworm (2) C 
Pieris protodice Boisduval and Leconte, southern cabbageworm 
(2) 0 
Diptera 
Chironomidae (6) 0 
Cecidomyiidae (6) 0 
Syrphidae (4) 0 
Tachinidae 
Voria ruralis(Fallen) (5) R 
Muscidae (6) 0 
Anthomyi dae 
Hylemva sp. (6) 0 
Ceratopogbnidae (6) 0 
Dasyhelea sp. (6) R 
Chloropidae 
Thaumatomyia rabra (Meigen) 
Madiza sp. (6 R 
Hymenoptera 
Braconidae 
(6) 0 
Diaretiella r(p)e (MacIntosh) (5) C 
Aphi di us sp. 5 R 
Apanteles glomeratus (Linne) (5) 0 
Trichogrammatidae 
Tri chogramma sp. ( 5) C 
Chalcididae 
Spilochalsis sp. (5) R 
Pteromalidae 
Pachyneuron sp. (5) 0 
Pteromalus sp . (5) R 
Ichneumonidae 
Diadegma insulare Cresson (5) C 
Eulophidae 
Tetrastichus sp. (5) 0 
Thripoctenus russelli Crawford (5) C 
Cynipidae 
Alloxysta sp. (5) 0 
Formicidae, ants (3) 0 
Sphecidae (3) R 
APPENDIX B
ANOVA Tables for Taxa Showing Significant 
Treatment Effects 
Table 21. EX2-77. 
Source df MS F 
Unpa ra sit i zed P. rapae eggs 
Treatment 3 9. 17 11. 28 
Error A 8 0.81 
Date 6 4.30 7.93 
Date x treatment 18 0.49 <l 
Error B 48 0.54 
Plant ht. 1 2.38 8.88 
% eaten 1 2.06 7.69 
Subsampling 248 0.27 
~- rapae larvae 
Treatment 3 4.80 4.22 
Error A 8 1.14 
Date 6 4.11 9. 12 
Date x treatment 18 0.32 <l 
Error B 48 0.45 
Plant ht. 1 7.70 28.65 
% eaten l l. 67 ,6.24 
Subsampling 248 0.27 
Specialist herbivores 
Treatment 3 5.20 5.92 
Error A 8 0.88 
Date 6 l.60 6.10 
Date x treatment 18 0. 20 <l 
Error B 48 0.26 
Plant ht. 1 4. 17 24.69 
% eaten 1 2. 12 12.57 
Subsampling 248 0. 17 
164 
p 
<0.005 
<0.001 
n.s. 
<0.005 
<0.005 
<0.05 
<0.001 
n. s. 
<0.001 
<0.01 
<0.025 
<0.001 
n.s. 
<O. 001 
<0.001 
165 
Table 22. EX2A79. 
Source df MS F p 
Parasitized and unparasitized 
.E._. rapae eggs 
Treatment 2 25.23 6.87 <0.025 
Error A 12 3.67 
Date 10 23. 92 43.98 <0.001 
Date x treatment 20 2.08 3.69 <0.001 
Error B 120 0.54 
Subsampling 494 0.30 
.E._. rapae 1 arvae 
Treatment 2 3.00 5. 77 <0. 025 
Error A 12 0.52 
Date 10 17. 05 64.59 <0.001 
Date x treatment 20 0. 77 2.90 <0. 001 
Error B 120 0.26 
Subsampling 494 0. 14 
All three species, a 11 stages 
Treatment 2 21 . 11 8.61 <0,005 
Error A 12 2.45 
Date 10 35.28 71. 18 <0.001 
Date x treatment 20 0.88 J. 77 <0.05 
Error B 120 0.50 
Subsampling 494 0.34 
Table 23. EX2B79. 
Source df MS F p 
Unparasitized P. rapae eggs 
Treatment l 24.86 9.84 <0.025 
Error A 8 2.53 
Date 5 12.38 8.82 <0.001 
Date x treatment 5 3.97 2.83 <0.05 
Error B 36 l. 40 
Subsampling 164 0.63 
f. rapae larvae 
Treatment l 9.24 5.81 <0.05 
Error A 8 l. 59 
Date 5 10. 77 14. 91 <0.001 
Date x treatment 5 0.66 l n. s. 
Error B 36 0.72 
Subsampling 164 0.29 
All three species, all stages 
Treatment 1 34.36 28.11 <0. 001 
Error A 8 l. 22 
Date 5 10.54 8.08 <0.001 
Date x treatment 5 3.24 2.48 <0.05 
Error B 36 l. 30 
Subsampling 164 0.51 
Table 24. EXl-77. 
Source df MS F p 
Un paras iti zed P. rapae eggs 
Treatment 2 14. 81 6.62 <0.05 
Error A 6 2.24 
Date 9 46.05 108.93 <0.001 
Date x treatment 18 1.33 3. 14 <O. 001 
Error B 54 0.42 
Plant ht . l 30.54 104.54 <O. 001 
# leaves l 6.44 22.03 <O. 001 
Subsampling 1199 0.29 
Table 25. EX1A79. 
Source df MS F p 
Parasitized and unparasitized 
£.. rapae eggs 
Treatment 1 41.65 29.37 <0.001 
Error A 8 l.42 
Date 11 41. 51 51. 01 <0.001 
Date x treatment 11 2. l 3 2.61 <O. Ol 
Error B 88 0.81 
Subsampling 1544 0.42 
£_. rapae larvae 
Treatment 1 4.70 3.99 <0.10 
Error A 8 1. 18 
Date 11 21. 82 63.64 <0.001 
Date x treatment 11 0.95 2. 77 <0.005 
Error B 88 0.34 
Subsampling 1544 o. 14 
All three species, all stages 
Treatment 1 30.96 20.90 <0.005 
Error A 8 1.48 
Date 11 57.78 69.86 <0.001 
Date x treatment 11 1.60 1.93 <0.05 
Error B 88 0.83 
Subsampling 1544 0.40 
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Table 26. EX1879. 
Source df MS F p 
Unparasitized P. rapae eggs 
Treatment 1 53.89 25.28 <O. 001 
Error A 10 2. 13 
Date 5 27.30 16.38 <0.001 
Date x treatment 5 3.81 2.28 <O. 1 
Error B 44 l. 67 
Subsampling 1131 0.53 
f_. rapae larvae 
Treatment 1 24.23 9.46 <0.025 
Error A 10 2.56 
Date 5 43.29 44.27 <0,001 
Date x treatment 5 4.03 4. 13 <0.005 
Error B 44 0.98 
Subsampling 1131 0.27 
P. XJ'.'.l oste 11 a, all stages 
Treatment 1 l. 933 5.02 <0.05 
Error A 10 0.385 
Date 5 0.300 2.91 <0.025 
Date x treatment 5 0.098 <l n.s. 
Error B 44 0. 103 
Subsampling 1131 0.081 
A 11 three species, all stages 
Treatment 1 59.47 21.64 <0,001 
Error A 10 2.75 
Date 5 47. 21 27.19 <0.001 
Date x treatment 5 2.48 1.43 n.s. 
Error B 44 l. 74 
Subsampling 1131 0.43 
Table 27. Analysis of treatment differences in variance due to 
date and replication for selected taxa, EX1A79. 
Estimated variance 
Source df Treatment l Treatment 2a F p 
Parasitized P. xylostella pupae 
Replicate 4 0.000338 0.000015 22.41 <0.02 
0.000023 14.76 <0.05 
Date 11 0. 001031 0.000189 5.47 <0. 01 
0.000343 3.01 <0.10 
a Two estimates, one for each of two random samples from whole 
treatment 2 data set. 
Simulation 
Methods 
APPE~ID IX C 
Checkerboard Models 
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These models were designed to investigate the interaction of 
insect migratory behavior with size and distribution of host plant 
patches in the environment. The environment was represented by a checker-
board of square grid cells (Figure 21) which were designated host or 
nonhost plants. The arrangement of host and nonhost cells in the 
modeled environment simulated host and nonhost patches of different 
sizes and dispersions (e.g., clumped, random). The modeled environ-
ment was a section of a much larger environment.• There was no net 
migration of insects across the boundaries of the modeled environment; 
immigration from the surrounding environment balanced emigration. 
Within a cell, th e distribution of plants and in sects was uniform. 
The state variables were numbers of insects in each cell of the 
modeled environment. Migration among cells was the only influence on 
insect population size, representing short-term dynamics where repro-
duction and mortality were not significant. The migration function 
was composed of 1) the proportion of individuals in a cell moving out 
of that cell in one time step, and 2) the proportion of moving 
insects reaching each surrounding cell within one time step. Migration 
rates summarized the average behavior of the population over a period 
of about 1 day. One migration pattern used in the simulation is 
shown in Figure 22; the arrows indicate which cells could be reached 
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MODELED 
ENVIRONMENT 
NON -
I 
HOST 
Figure 21. A 4 x 4 cell modeled environment composed of a checkerboard 
of host and nonhost patches each 2 cells on a side. Arrows 
indicate a higher migration rate from nonhost than from 
host cells and show that emigration from cells in the 
modeled environment is balanced by immigration from the 
surrounding environment. 
.~ 
~ .~ ~ 
~ ~ ~ /, ~ ~ 
~ , ~ ~ r ~ 
~ , ~ 
•r 
I 
Figure 22. Diarrond migration pattern showing cells reached in 
one time step by insects moving out of shaded cell. 
Maximum distance moved in one time step is 2 units. 
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in one time step by insects moving out of the shaded cell. The 
proportion of insects moving out of a cell and the distance moved may 
depend on whether the cell contains hosts or nonhosts, representing 
the tendency of many herbivores, particularly specialists, to move 
less readily and shorter distances when leaving host plants (e.g., 
Kennedy and Fosbrooke 1973, for aphids). 
Given an environmental pattern of host and nonhost cells an 
initial population distribution, and parameters describing rates of 
movement among cells, the model updated the population in each cell 
at each time step. Model behavior was measured by the ratio of the 
population in host cells to that in nonhost cells (PREF). 
Results 
Simulations were run in which the following factors were varied : 
a) time step 
b) initial distr i bution of the insect population among cells in 
the environment; 
c) distribution of host and nonhost cells in the environment, 
e.g . , homogeneous (all host or all nonhost), checkerboard pattern of 
host and nonhost patches of various sizes, or strips of host and non-
host cells of various widths; 
d) proportion of insect population migrating from a cell in one 
day, including different proportions migrating from host cells and 
nonhost cells; and 
e) maximum distance moved, including different distances moved 
from host and nonhost cells. 
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Varying the time step from 0.5 to 2 days had little influence on model 
behavior. As expected, the initial population distribution influenced 
the rate at which the equilibrium distribution was approached 
(Figure 23). 
The purpose of these simulations was to compare model output for 
different environmental patterns and for different parameters describing 
insect migration behavior. Interpreting and comparing these simulations 
proved difficult. In most cases, output values (such as PREF) appeared 
to be approaching an equilibrium (e.g., Figure 23). However, for some 
environmental patterns and initial population distributions, the 
transient population distributions exhibited wave patterns that inter-
acted with the boundary of the modeled environment to produce persis-
tent fluctuations. These fluctuations in output' values made it dif-
ficult to determine 1) what the equilibrium population distribution 
was; 2) if it would be reached; and 3) what point or points along 
the trajectory should be used for comparing model runs. 
Understanding the equilibrium behavior of the , models was essential 
for resolving these problems and for evaluating the consistency and 
correctness of model formulations. For example, in a homogeneous 
environment the equilibrium population distribution should be uniform. 
A matrix formulation of the checkerboard models was developed to 
facilitate the equilibrium analysis. 
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for two initial population distributions, checkerboard 
simulation model. 
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Matrix representation and analysis 
Methods 
The checkerboard simulation model of plant pattern and insect 
migration was reformulated as a matrix model 
where M = {m .. } = fraction of the population in cell j at time t 
lJ 
moving into cell i at time t+dt, and where Nt = {n. ,.} = the number of 
1 ' l, 
insects in cell i at time t (Figure 24). The constant matrix M rep-
resented any migration behavior that could be expressed as a constant 
proportion of the population in the originating cell (e.g., Allen 1975). 
Eigenvector-eigenvalue analysis of M was used to determine the equili-
brium behavior of the model. If M has a dominant eigenvalue, there is 
a unique equilibrium population distribution. The eigenvector cor-
responding to the dominant eigenvalue gives the equilibrium population 
distribution (e.g., Figure 25). 
Results 
The matrix analysis was first used to check that the equilibrium 
population distribution was uniform for homogeneous environments. 
For all migration patterns used, a unique equilibrium solution with 
the population uniformly distributed in the modeled environment was 
found. However, repeated eigenvalues whose absolute values were close 
to that of the dominant eigenvalue occurred consistently, indicating 
SPATIAL Sif1ULATION MODEL--------MATRIX MODEL 
1 2 K 
K + 1 I( + 2 . 21< 
. 
. 
. 
. 
. 
. . K2 
ENVIRONMENT 
K2 CELLS 
POPULATION VECTOR: 
N = {N1} = N1 
~2 
MODEL: NT+l = MNT 
M = {MrJ} = M11 M12 . 
M21 M22 · 
Figure 24. Conversion of checkerboard simulation model to matrix 
representation. 
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Figure 25. Matrix analysis of checkerboard model where fractions of 
population migrating from host and from nonhost cells differ. 
Equal probability of migrating to any cell. >-=eigenvalues; 
>.1 = dominant eigenvalue; E1 = dominant eigenvector. Probability of leaving host cell = 0.25; probability of 
leaving nonhost cell = 0.5 
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that transient fluctuations may be very persistent. Varying the 
fraction migrating from a cell in a single time step from 0.1 to 
0.5 altered the relative magnitudes of the repeated eigenvalues 
very little. Therefore, inappropriately high rates of movement 
were probably not responsible for fluctuations seen in simulation 
output. 
Several analyses were made of matrix models where the proportion 
of the population migrating in one time step from host cells and from 
nonhost cells differed. For different nigration patterns and for 
different numbers and distributions of host and nonhost cells in the 
modeled environment, the equilibrium distribution was the same: the 
ratio of population levels in host and in nonhost cells was the ratio 
of the migration rate from nonhost cells to that from host cells. For 
example, if insects were twice as likely to move away from nonhost 
cells as from host cells, the equilibrium population distribution had 
twice as many insects in host as in nonhost cells (Figure 25). The 
pattern of migration and the spatial distribution of host and nonhost 
cells did not influence the equilibrium population distributions. 
The equilibrium analyses revealed problems with the treatment of 
migration across the boundary of the modeled environment. For environ-
mental patterns where the arrangement of host and nonhost cells outside 
the boundary was a mirror image of the arrangement inside to a distance 
of at least the maximum distance moved in one time step (Figure 26a) 
balancing emigration with immigration at the boundary produced the 
correct equilibrium distribution (i .e., identical equilibrium population 
Figure 26. 
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levels in cells occupying identical positions in the pattern of 
host and nonhost cells). For patterns where the boundary was not a 
mirror (Figure 26b), the original boundary treatment was incorrect. 
The problem was corrected by explicitly including the contribution 
from cells outside the boundary to the immigration rates for cells in 
the modeled environment, complicating the model formulation. 
Equilibrium analyses of the interaction between distance moved 
from host and nonhost cells and patch size were made. These showed 
that, at equilibrium, host preference (PREF) increased as patch size 
increased for insects that move farther when leaving nonhost cells than 
when leaving host cells (Figure 27a) (e . g., Kennedy and Fosbrooke 
1973, for aphids). This behavior is thought to concentrate specialist 
insects in patches of suitable hosts, and the m~del suggested that it 
did so. However, investigation of the influence of grid size on host 
preference at equilibrium revealed that the results shown in Figure 27a 
were biased. 
If choice of grid size, i.e., how finely the . modeled environment 
is divided into cells, influences model behavior, it may be confounded 
with the effects of insect and plant attributes, making interpretation 
of model comparisons difficult. Ideally, grid size should have no 
effect, i.e., the same ratio of distances moved to patch size should 
produce the same results regardless of the absolute magnitude of the 
parameters. Figure 27b shows the response of the output measure PREF 
to choice of grid size. As resolution of the spatial grid increased 
(more cells per patch), the equilibrium value of PREF rose, apparently 
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Figure 27. a) Host preference as a function of patch size. Migration distance from hosts= 2, 
from nonhosts = 1. b) Effect of grid size on host preference. Migration distance 
from hosts = 2 x patc h length, from nonhosts = patch length. 
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toward an asymptote at very small cell size. Thus, the response to 
patch size shown in Figure 27a was probably confounded with the influ-
ence of grid cell size shown in Figure 27b. There were probably 
several components of bias due to grid size, including interactions 
of grid size with the shape of the migration pattern, with the parameters 
specifying fraction migrating in a given time step, and with the size 
of the time step. 
One solution to the grid size problem would be to reformulate the 
model, explicitly remedying each source of bias. Another solution would 
be to develop empirical methods of extrapolating to the asymptotic 
region (e.g., fitting an equation to the curve in Figure 27b to 
determine the asymptotic value of PREF), then making comparisons among 
asymptotic values for different parameter sets. •Limited exploration 
failed to reveal any simple methods of implementing these solutions. 
Even if either of these solutions were practical, they would apply 
only to the matrix analysis of equilibrium results. Detecting and 
correcting sources of bias in transient solutions of simulation models 
would be yet another problem. The matrix representation and equilibrium 
analysis were tools for better understanding the simulation models. 
They did not address the major question of how interactions of plant 
pattern and insect behavior influence insect population dynamics. 
Investigating effects of grid size in the matrix models suggested that 
a smaller grid cell size (and/or shorter time step) would reduce bias 
in the transient simulation results but did not indicate how small the 
cell size should be (and/or how short the time step). 
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Discussion and conclusions 
The checkerboard models of insect-plant interactions had the 
advantage that any pattern of plant distribution or of insect migration 
could be represented by assigning different plant characteristics (such 
as host or nonhost) to grid cells and describing the movements of 
insects among the cells. However, several technical problems with these 
models counterbalanced their advantages. 
Persistently nonuniform population distributions in some simu-
lation results made it difficult to confirm that a particular model 
was properly formulated and to compare results from different parameter 
sets. Allen (1975), Zeigler (1977), and Hoppensteadt (1978) described 
spatially distributed models of population dynamics and dispersal 
in a grid of cells. For some environmental patterns and initial con-
ditions, persistent wave patterns formed in the resulting population 
distributions. The transition equations describing population growth 
and movement in these spatial models are difficult to analyze directly, 
but can sometimes be approximated by systems of diffusion equations 
which can be analyzed (Hoppensteadt 1976). Several recent papers 
described diffusion models for single-species or predator-prey 
dynamics in homogeneous or heterogeneous environments (Segel and 
Jackson 1972, Comins and Blatt 1974, Murray 1976, Mimura and Murray 
1978, Hilborn 1979, Coehn et al. 1979). Murray (1976), Hilborn (1979), 
and Cohen et al. (1979) discussed conditions for the formation 
of stable and unstable traveling waves in the solutions of some of 
the models. Only simple examples of population dynamics and spatial 
pattern have been studied using diffusion equations (Hoppensteadt 
1976). 
186 
Matrix analyses of the checkerboard models in the present study 
revealed problems in the original boundary treatment that may be 
partly responsible for nonuniform patterns . The boundary treatment 
was corrected, but doing so complicated the model. Allen (1975) 
suspected that reflecting dispersing individuals at the boundary of 
the modeled environment produced the wave patterns he observed in his 
simulations. Forest stand simulation models sometimes correct bias 
caused by the edge of a plot by reflecting or translating the environ-
mental pattern inside the plot to form a border pattern around the 
modeled plot. Those correction models introduce periodicities in 
simulation results (Monserud and Ek 1974, Martin, Ek, and Monserud 
1977). Experience with these models suggests that how migration is 
handled at the boundary of a modeled segment of •the environment may 
critically influence model behavior. Some common methods of handling 
boundaries, such as reflection or translation, or disregarding indi-
viduals emigrating from the modeled environment (Kampmeijer and Zadoks 
1977), may produce artifactual patterns. 
The matrix analyses also uncovered bias due to choice of grid 
cell size for the checkerboard mode.ls. Interpretations of results that 
did not account for this bi as could be misleading. Some sources of 
bias due to grid size and/or time step can be reduced by decreasing 
cell size and time step. Unfortunately, this route can lead to 
infeasible demands on computer time and storage. 
Spatially distributed models, such as the checkerboard models 
presented here, appear well-suited to analyzing many environmental 
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problems, such as land-use planning, population distribution and 
movement patterns. Although direct representations of environmental 
patterns using checkerboard-type models are intuitively appealing, 
technical problems and biases appear to limit their usefulness. 
AP PEN DIX D 
Summary of Subpopulation Models and 
Definitions of Symbols 
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Table 28. Definition, units, and model in which used for symbols 
in Table 29. 
A. 
l 
b 
d . . lJ 
d . 
Sl 
dt 
h. 
l 
im .. lJ 
im. 
,s 
im . 
Sl 
K 
Kh 
= area of habitat patch i, i=l, ... , number of patches; 
distance2; Models Id, e, IV. 
= minimum host patch area to which specialists respond; 
distance2; Model IV. 
= slope of line relating migration rate of insects from 
source to host patch to area of host patch; distance-2-
b=O for generalists, b>O for specialists; Model IV. 
= coefficient of variation of average population densities 
in host patches from beginning of model run through time 
T; dimensionless; Models III-VI. 
= distance from center of habitat patch i to center of 
habitat patch j, i and j=l, .. . , number of patches; dis-
tance; Models le, f, II, III, VI. 
= distance from source to center of hGst patch i , 
i=l, ... , number of patches; distance; Models III-VI. 
Equals 0.5[a/2+a ln(a+a/2)] for square patch with side 
2a. 
= time step for model run; "days"; all models. 
= host type of patch i, i=l, . .. , number of patches. 
O=nonhost, l=host; dimensionless; Models I and II . 
= proportion of insects ~n patch i mov~ng to patch j in one 
time step; (#/distance )/(#/distance )/day; Models I- III, 
VI. 
= proportion of insects in host patch i moving to nonhost 
source in one time step; (#/distance2)/(#/distance2)/day; 
Mode 1 s III-VI. 
= proportion of insects in nonhost source moving into AOSt 
patch i in one time step; (#/distance2)/(#/distance2)/day; 
Mode 1s I II-VI. 
= carrying capacity (maximum density) of nonhost source; 
#/distance2; Models IVc, e, Ve, e. 
= carrying c2pacity (maximum density) of host patch; 
#/distance; Models IVe, Ve. 
Table 28. 
mg 
p 
ph 
phh 
pnh 
r 
r h. ,h. 
1 J 
rh 
sd. t 
1 ' 
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Continued. 
= basic migration rate; (#/distance 2)/(#/distance 2)/day for 
Models Ia, b, IV; #/(#/distance2)/day for Model Id; 
(#/distance2)/#/day for Model le; (#/distance2)/(#/distance2) 
/distance/day for Models le, f; II, III, V, VI. 
= parameter set for comparison; Models IV, V. 
= parameter set for given smaller patch size for comparison; 
Models IV, V. 
= migration rate of insects moving from nonhost source 
to host patch relative to basic migration rate; 
dimensionless; Models III, V, VI. 
= migration rate of insects moving from one host patch 
to another relative to basic migration rate; dimensionless; 
Model VI. 
= migration rate of insects moving from host patch to 
nonhost source relative to basic migration rate; 
dimensionless; Models III, V, VI. 
= relative growth rate of insects in' nonhost source; 
(#/distance2)/(#/distance2);day; Models IIIb, IVb-e, 
Vb-e. 
= migration rate of insects moving into patch of host 
type hi relative to basic migration rate; dimensionless; 
Model 1a. 
= migration rate of insects moving from patch of host 
type hi to patch of host type hj relative to basic 
migration rate; dimensionless; Models lb, f, II. 
= relative growth rate of insects in host patch; 
(#/distance2)/(#/distance2)/day; Models !Ve, Ve. 
= population density in nonhost source at time t; 
#/distance2; Models III-VI. 
= normal deviate of average growth rate for host patch i 
for time step t; (#/distance2/(#/distance2)/day; 
Models VIa-d. 
= time where model runs with same parameters, except for 
basic migration rate and distance between host and 
nonhost patches, reach same percentage of equilibrium 
population densities; days; Model II. 
Tab le 28. 
x. t l , 
xm. 
l 
Continued. 
= variance of average host patch population densities 
through time T; (#/distance2)2; Models IV, V. 
= population density in patch i at time t, i=l, 
number of patches; #/distance2; all models. 
... ' 
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= average po~ulation density of host patches at time t ; 
#/distance ; Models III-VI. 
= average from beginning of model run through time t 
of average population densities of host patches; 
#/distance2; Models III-VI. 
= mean relative growth rate of host oatch i, i=l, ... , 
number of host patches; (#/distance2)/(#/distance2)/day; 
Models VIb-d. 
Table 29. 
Model 
Model I a 
b 
C 
d 
e 
f 
Model I I 
Model III a 
b 
Summary of subpopulation models in equation form. 
Environmental 
pattern 
1-10 host patches; 
1-10 non-host patches 
1 very large non-host 
patch; l or 4 host 
patches 
:nfinite non-host 
source; , , 4 or 16 
host patches 
Migration function 
imij mg x rh_ 
J 
im .. • mg x rh h 
l J i' j 
imij • mg/dij 
imij • mg/A; 
imij 
imij 
•mg* Aj 
• mg x rh h /d . . 
i' j 1 J 
im .. • mg x rh h /d .. 
lJ i, J 1 J 
fori,jfl 
i m1 . • mg x rh h / d . 1 l , . S 1 
im11 • mg x rh h
1/d . 
i' l s 1 
imij • mg/dij 
imsi • mg x ph/dsi 
imis • mg x pnh/dsi 
Population dynamics 
x . t+dt • x. t+dt(tim .. x. t 
l' l' j J l J' 
x. ti:im . . ) 
l' j lJ 
xi ,t+dt • x. t + dt(i:im .. x. t -l' j J l J' 
x. t l:im .. ) 
l' j lJ 
x. t+dt • x. t + dt(l:im .. x. t -
l' l' j Jl J' 
x. ti:im .. + im .st -
1, j lJ S l 
imisxi, ti 
st· 100 
-- - - -- --- -
x._t+dt • x. t + dt( r im .. x. t + 
1, l, j J 1 J, 
im ·5t - x. t i:im . . -
s l l, j lJ 
imisxi, t I 
\+dt • St(l. + rdt) 
Output index 
xi at equilibrum 
xi at tstandard 
IJ xzo 
2) X50 
3) xzo 
4) X50 
5) CV20 
6) CV50 
None 
None 
None 
Output 
comparis on 
I.O 
N 
Table 29. Continued. 
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Model IV a 
b 
C 
d 
e 
Environment.al 
pattern 
Inf in it e non-host source, 
1 iros t patch 
Migration function 
im51 = mg[l+b(A1-A0 )] 
generalists, b=O 
specialists, b>O 
im1s = mg 
Population dynamics 
xt+dt = xt + dt(im 51st-im 1sxt) 
\ = 100 
xt+dt = xt + dt(imslst-imlsxt) 
st+dt = st(l. + rdt) 
-- -- -- --
xt+dt = xt + dt(ims,st-im 15xt) 
\+dt = 5t[ l . + r (~ )dt] 
K 
xt+dt = xt + dt(im 51st + 
rhxt - im19xt) 
5t+dt = st ( 1 . + rdt) 
-- -- --
xt+dt = xt + dt(ims1St + 
Kh-x 
rhxt{~) - im1sxt) 
K - S 
St+dt = SL[l. + r(-K-t)dt] 
Output index 
1) x20 and 2) x50; 
3) x20 
4J xso 
5) CV 20 
6) C\0 
Output 
comparison 
1) lx50 (Pl - x50(P0 ll 
2) vso(P)/Vso(Pol 
\.0 
w 
Tabl e 29. Conti nued. 
Model 
Model V a 
b 
C 
d 
e 
Environmental 
pattern 
Infinite non-host source, 
l host patch 
Migration function 
imsl = mg x ph/dsl 
imls = mg x pnh/dsl 
ph = pnh = l for 
generalists 
ph>pnh = l for 
specialists 
Population dynamics 
xt+dt = xt + dt(imslst-imlsxt) 
st = 1 oo 
xt+dt = xt + dt(imslst-imlsxt) 
St+dt = St(l . + rdt) 
xt+dt = xt + dt( imsl st-imlsxt) 
St+dt = St[l. + r(K-St)dt] 
-K-
-- -- --
xt+dt = xt + dt( imslst + 
rhxt - im1sxt) 
5t+dt = 5t(l. + rdt) 
xt+dt = xt + dt(imslst + 
Kh-X 
rhXt(-:;.JK - im X ) h ls t 
\+dt = St[l. + r t-5t)dt] 
K 
Output index 
l) x and 2) x5o; 20 
3) x20 
4) xso 
5) CV 20 
6) cv50 
Output 
compari son 
1) 1x50(Pl - x50(P0l l 
2) V50(P)/V50(PO) 
_, 
\.0 
+::> 
Table 29. Continued. 
Model 
Model VI a 
b 
C 
Environmental 
pattern 
Infinite non-host source; 
1, 4 or 16 host patches 
Infinite non-host source; 
4 host patches 
Migration function 
imij = mg x phh/dij 
ims i = mg x ph/dsi 
imis = mg x pnh/dsi 
Population dynamics 
x. t+dt = x. t + dt( Eim .. x. t 
l ' l' j J l J' 
+ sd . t• · t + im .st - x. trim .. 
1 , 1, S 1 1, j 1 J 
- imisxi ,tl 
2 
sdi,t "N(O,a) \ = 100 
xi ~ O. 
xi,t+dt = xi,t + dt( Eimji xj,t 
+ (xm/sdi ,tlxi ,t + imsi5t -
x. tEim .. - im. x- t) 
1, j lJ 1 S 1, 
sdi ,t "N(O , .0025) 
xmie-::m~~~~tiil) - s~h~s~~o. 
2 
Sa~~~s~~tf~;;e~c~(~~d~ l)run 
1 i,t+dt = 1 t,dt + dt( Eimji 1 j,t + 
J 
xm;X; ,t ~ imsi st - xi ,t imij -
imisxi,t) st= 100. 
xm. " N(O, .0025) chosen for 
Jach model run. 
Output index 
--
, l x20 
2) X50 
3) x20 
4) x50 
5) cv20 
6) cv50 
None 
Output 
comparison 
\.0 
u, 
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